
 
 

STUDY ON VISIBLE LIGHT RESPONSE 
OF La2(Ti1.9998Fe0.0001Cr0.0001)O7-n Nn PHOTOCATALYST 

 
 
 
 
 
 
 
 
 
 
 
 

HUSSANAI  LUANGTHANARAK 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Submitted in Partial Fulfillment of the Requirements for the 
Degree of Doctor of Philosophy in Materials Engineering 

Suranaree University of Technology 
Academic Year 2022

 



 
 

การศึกษาการตอบสนองต่อแสงที่ตามองเห็นของตัวเร่งปฏิกิริยาเชิงแสงชนิด 
แลนทานัมไททาเนียมไอรอนโครเมียมออกซีไนไตรด์ 

 
 
 
 
 
 
 
 
 
 
 
 
 

นายหัสนัยน์  เหลืองธนารักษ์ 
 
 
 
 
 
 
 
 
 
 
 
 
 

วิทยานิพนธ์นี้เป็นส่วนหนึ่งของการศึกษาตามหลักสูตรปริญญาวิศวกรรมศาสตรดุษฎีบัณฑิต 
สาขาวิชาวิศวกรรมวัสดุ 

มหาวิทยาลัยเทคโนโลยีสุรนารี 
ปีการศึกษา 2565 

 



 



 



 



 



 



 
 

ACKNOWLEDGMENTS 
 

The authors of the present work would like to extend their heartfelt gratitude 
to all those who have supported and contributed to this research endeavor. 

Firstly, the authors would like to acknowledge Suranaree University of 
Technology and Synchrotron Light Research Institute for their generous financial and 
technical support, which was essential in bringing this project to fruition.  The authors 
are also deeply appreciative of Asst.  Prof.  Dr.  Sukasem Watcharamaisakul, who 
provided invaluable guidance and mentorship throughout the course of this research. 
Their expertise and support were instrumental in the success of this work. 

Finally, the authors would like to express their sincere gratitude to Dr. Waraporn 
Tanthanuch and Dr.  Ratchadaporn Supruangnet for their valuable contributions and 
support, sharing their idea, XAS experimental plan and measurement, and data 
analysis. Their contributions were critical to the progress and quality of this work. 

 
Hussanai Lunagthanarak 

 

 



 
 

TABLE OF CONTENTS
 

Page 

 
ABSTRACT (THAI)………………….....…………………………………………………………………………….................I 
ABSTRACT (ENGLISH)………………………………………………………………………………………..….................III 
ACKNOWLEDGMENTS…………………………………………………………………………………………………………V 
TABLE OF CONTENTS……………………………………………………………………………………………..............VI 
LIST OF TABLE……………………………………………………………………………………………………..................IX 
LIST OF FIGURE………………………………………………………………………………………………..…..................X 
CHAPTER 

 I INTRODUCTION TO TiO2 PHOTOCATALYST .............................................................. 15 
1.1  Overview of Titanium Dioxide ....................................................................... 15 
1.2  Research objective ............................................................................................. 4 
1.3  Research hypothesis .......................................................................................... 4 

 II LITERATURE REVIEW ......................................................................................................... 5 
2.1  Overview TiO2 base photocatalyst ................................................................. 5 
2.2  Explored photocatalysis .................................................................................... 7 
2.3  Photocatalysis definition ................................................................................... 7 
2.4  Photocatalysis mechanism ............................................................................... 9 

2.4.1 Description of oxidation mechanism ................................................. 10 
2.4.2 Description of reduction mechanism ................................................ 11 

2.5  Limitation of TiO2 for photocatalyst ............................................................ 11 
2.6  Metal doping .................................................................................................... 12 
2.7  Non-metal doping ........................................................................................... 23 
2.8  TiO2 antimicrobial ............................................................................................ 39 
2.9  Layered perovskite structure (La2Ti2O7, LTO) ............................................ 42 

2.9.1 Doping LTO ............................................................................................. 43 

 III RESEARCH PROCEDURE ................................................................................................ 50 
3.1  Preparation ....................................................................................................... 50 

3.1.1 Chemical Reactant ................................................................................ 50 
3.1.2 Research equipment, materials and analysis .................................. 52 

3.2  Synthesis powder procedure ........................................................................ 53 

 



VII 
 

TABLE OF CONTENTS (Continues) 
 

Page 

 
3.3  Doped nitrogen process ................................................................................. 54 
3.4  Photocatalytic process ................................................................................... 55 
3.5  Characterization procedure ........................................................................... 56 

3.5.1 Phase analysis ........................................................................................ 56 
3.5.2 Morphology analysis ............................................................................. 56 
3.5.3 Elemental composition and X-ray map elements ......................... 57 
3.5.4 Elemental substitution analysis .......................................................... 57 
3.5.5 Nitrogen substitution and elemental bonding ................................ 58 
3.5.6 Nitrogen substitution analysis ............................................................. 58 

3.6  Details procedure ............................................................................................ 59 
3.6.1 Powder preparation .............................................................................. 59 
3.6.2 Doping procedure .................................................................................. 62 
3.6.3 Photocatalytic activity .......................................................................... 64 

3.7  Characterization details .................................................................................. 65 
3.7.1 X-Ray Powder Diffraction (XRD) .......................................................... 65 
3.7.2 UV-Vis spectroscopy (UV-Vis)............................................................... 65 
3.7.3 Field emission scanning electron microscopy (FE-SEM) ................ 66 
3.7.4 X-Ray Absorption Spectroscopy (XAS) .............................................. 67 
3.7.5 X-Ray Photoelectron Spectroscopy (XPS) ........................................ 68 
3.7.6 Photoemission spectroscopy (PES) .................................................... 68 

 IV RESULT AND DISCUSSION ............................................................................................ 70 
4.1  Effect of calcination temperature on FeCrLTO ......................................... 70 
4.2  Effect of calcination temperature on FeCrLTO(N) .................................... 74 
4.3  Elemental composition analysis .................................................................. 77 

4.3.1 Energy Dispersive X-ray Spectroscopy (EDS) .................................... 77 
4.4  Morphology and elemental composition .................................................. 79 

4.4.1 Field Emission Scanning Electron Microscope (FE-SEM) ................ 79 
4.5  Photocatalytic activity analysis ..................................................................... 83 

4.5.1 UV-Vis spectroscopy (UV-Vis)............................................................... 83 
4.6  Effect of calcination temperature on FeCrLTO(N) .................................... 85 
4.7  Effect of calcination times on FeCrLTO(N) ................................................. 91 

 



VIII 
 

TABLE OF CONTENTS (Continued) 
 

Page 

 
4.8  The highest degradation of methylene blue at different times ............ 95 
4.9  Bonding and compound analysis ................................................................. 96 
4.10  nitrogen substitution analysis ..................................................................... 101 

 V CONCLUSION ................................................................................................................ 113 
5.1  Conclusion .................................................................................................... 1013 
5.2  Recommendation ...................................................................................... 10114 

REFERENCES ............................................................................................................................. 1515 
 APPENDIX A 

  EDS spectroscopy and Xray Map composition analysis ..................................... 15920 
 APPENDIX B 

  XPS analysis ..................................................................................................................... 176 
 APPENDIX C 

  PUBLICATION ............................................................................................................... 18647 

BIOGRAPHY....................................................................................................................................159 

 

 



 
 

LIST OF TABLES 
 

Table                  Page 

 
2.1  Crystal line size with pure and Cr-doped TiO2 ........................................................ 20 

2.2  Specific surface area both pure TiO2 and Cr-doped TiO2, .................................... 21 

2.3  XPS peak position after treatment TiO2 nanobelt at different temperature. ... 27 

2.4  SBET, absorbent wavelength and photon energy of TNTs - .................................. 31 

3.1  Chemical reactants, Chemical formula and Manufacturers ................................. 50 

3.2  Research Equipment, Materials and Analysis .......................................................... 52 

3.3  Analyzed equipment .................................................................................................... 52 

4.1  Elemental composition of FeCr1150(N)_18h ........................................................... 78 

4.2  The EXAFS best-fit parameters of LTO samples. .................................................. 109 

 

 

 

 

 

 

 

  

 



 
 

LIST OF FIGURES
 

Figure                  Page 

 
1.1  Scheme photocatalytic reaction ................................................................................... 2 

2.1  The various applications in solving pollution ............................................................ 5 

2.2  The number of publications tend ................................................................................ 6 

2.3  Photocatalytic mechanisms scheme ........................................................................... 9 

2.4  Oxidation reaction scheme ......................................................................................... 10 

2.5  Reduction reaction scheme ........................................................................................ 11 

2.6  Solar energy spectrum ................................................................................................. 12 

2.7  XRD pattern (a) pure TiO2 and (b) the different temperatures of doping .......... 13 

2.8  Identified elements on the surface by XPS: La, O, and Ti with doping ............. 14 

2.9  The photocatalytic efficiency of phenol degradation ........................................... 15 

2.10  UV-Vis measurement (a) pristine TiO2, (b) TiO2 with doping 0.15% Fe................. 16 

2.11  XRD pattern of TiO2 and Fe-TiO2 ............................................................................... 17 

2.12  Binding energy Fe doped TiO2 .................................................................................... 18 

2.13  XRD pattern TiO2 and Cr-doped TiO2. ....................................................................... 19 

2.14  Crystal violet (CV) dye degradation by TiO2 sample, pure and Doping Cr3+ ..... 22 

2.15  XRD pattern nonmetal doped TiO2 ........................................................................... 23 

2.16  UV-Vis (a) pristine TiO2, (b) C-TiO2, (c) S-TiO2 and (d) N-TiO2. ................................. 24 

2.17.  VB XPS spectra (a) pure TiO2, (b) C-TiO2, (c) S-TiO2 and (d) N-TiO2 ..................... 24 

2.18  TiO2 nanobelt of SEM image ....................................................................................... 25 

2.19  XRD pattern pristine TiO2 and doped TiO2 at different temperature ................ 26 

2.20  XPS spectra N-doped TiO2 at different temperature. ............................................ 27 

2.21  XPS spectra, increasing the valence band of N-doped TiO2 comparing ............ 28 

2.22  UV-Vis absorption at different temperature. ........................................................... 28 

2.23  Degradation methylene blue under visible light .................................................... 29 

2.24  Degradation methylene blue under UV ................................................................... 29 

2.25  TEM images of TNTs ..................................................................................................... 30 

2.26  UV–vis absorbance of TNTs and NTNTs-250, NTNTs-350 ...................................... 31 

2.27  Photo-degradation of methyl orange over NTNTs-X with and without ............. 32 

2.28  Diffuse reflectance spectra of (a) CsCaTa3O10 and (b)–(d) N-doped .................... 33 

 



XI 
 

LIST OF FIGURES (Continued) 
 

Figure                  Page 

 
2.29  High-resolution XPS spectra of N1s and Ta 4f measured on ............................... 34 

2.30  Crystal structure of MgTa2O6-x Nx (A) TaO6 octahedral, and oxygen .................... 35 

2.31  XRD pattern for method A, (a) pure TiO2 and (b) 500˚C and 1000˚C ................. 36 

2.32  XRD pattern for method B, (a) pure TiO2, (b) 500˚C and 1000˚C ........................ 36 

2.33  FT-IR spectra for (a) method A and (b) method B at 900 ˚C. ............................... 37 

2.34  Kinetic study for undoped sample comparing with sample preparing ............. 38 

2.35  Impurity energy state for substitutionally doped TiO2. ......................................... 39 

2.36  Photo-induced process; Photocatalyst destroying cell ......................................... 41 

2.37  Step of destroying cell membrane by ROS radicals (Wang et al., 2007) ........... 42 

2.38  XRD pattern of La2Ti2O7 and nitrogen-doped La2Ti2O7 with different ................ 43 

2.39  TEM images of (a) LTO_P; (b) LTO_NC; (c) N-LTO_NC(600); (d)  N-TO_NC(650) ... 44 

2.40  (a) UV–vis diffuse reflectance spectra and (b) Tauc plots (b) ................................ 45 

2.41  XRD pattern of LTO with different doped concentratione .................................. 46 

2.42  (a) UV-vis diffuse reflectance spectra (b) Calculated DOS of pure,  
monodoped ................................................................................................................... 47 

2.43  XRD patterns for undoped La2Ti2O7 (entry 1) and Rh-doped La2Ti2O7 ............... 48 

2.44  Comparison of absorbance and H2 evolution with Rh doped La2Ti2O7 ............ 49 

3.1  Flowchart for powder preparation ............................................................................ 53 

3.2  Flowchart for doping nitrogen process ..................................................................... 54 

3.3  Flowchart for photocatalytic testing ......................................................................... 55 

3.4  Flowchart for phase analysis ...................................................................................... 56 

3.5  Flowchart for Microcrystalline structure .................................................................. 56 

3.6  Elemental quantity and elemental analysis ........................................................... 57 

3.7  Elemental substitution analysis ................................................................................. 57 

3.8  Nitrogen substitution and elemental bonding ........................................................ 58 

3.9  Nitrogen substitution analysis ..................................................................................... 58 

3.10  Solution A ....................................................................................................................... 59 

3.11  Solution B ....................................................................................................................... 60 

3.12  Solution C ....................................................................................................................... 60 

3.13  Solution D ....................................................................................................................... 61 

3.14  Solution D ....................................................................................................................... 61 

 



XII 
 

LIST OF FIGURES (Continued) 
 

Figure                  Page 

 
3.15  Black powder after calcination at 350˚C.................................................................. 62 

3.16  (Fe,Cr) La2Ti2O7 powder after calcination at 1150˚C for 2h .................................. 62 

3.17  Tube furnace .................................................................................................................. 63 

3.18  photocatalytic box (Dark box) .................................................................................... 64 

3.19  X-ray diffraction (XRD, BRUKER D2 PHASER) ............................................................. 65 

3.20  UV-Vis spectroscopy (UV-Vis, model: CARY 300) ..................................................... 66 

3.21  Morphology and elemental quantity analysis by FE-SEM and EDS .................... 66 

3.22  Elemental substitution analysis by XAS ................................................................... 67 

3.23  Surface elemental composition and oxidation state by XPS .............................. 68 

3.24  Determined nitrogen substitution by PES ................................................................ 69 

4.1  XRD pattern of FeCrLTO(N) at 1150°C with different calcination times ............. 70 

4.2  XRD pattern of FeCrLTO at 1250°C with different calcination times ................. 71 

4.3  XRD pattern of FeCrLTO at 1350°C with different calcination times ................. 72 

4.4  XRD pattern of FeCrLTO(N) at 18h with different calcination temperatures .... 74 

4.5  XRD pattern of FeCrLTO(N) at 24h with different calcination temperatures .... 75 

4.6  XRD pattern of FeCrLTO(N) at 30h with different calcination temperatures .... 76 

4.7  FE-SEM using EDS technique of FeCrLTO(N) at 1150°C for 18h ........................... 77 

4.8  X-ray map composition of FeCrLTO(N) at 1150°C for 18h .................................... 79 

4.9  FE-SEM image of crystal structure at 1150°C in different calcination times ..... 80 

4.10  FE-SEM image of crystal structure at 1250°C in different calcination times ..... 81 

4.11  FE-SEM image of crystal structure at 1350°C in different calcination times ..... 82 

4.12  (a) Metylene blue (MB), (b) LTO, (c) FeCrLTO, (d) FeCrLTO(N)1350_24h, ............ 83 

4.13  Calcination temperature at 1150°C (A) UV-Vis alnlysis (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1150_24h and  
(f) FeCrLTO(N)1150_30h, (B) Estimated band gap energy (v) Eg(LTO), 
(w) Eg(FeCrLTO), (x) Eg(FeCrLTO(N)1150_18h), (y) Eg(FeCrLTO(N)1150_24h),  
(z) Eg(FeCrLTO(N)1150_30h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1150_18h,(e) FeCrLTO(N)1150_24h and  
(f) FeCrLTO(N)1150_30h, (D) Percentage of methylene blue ................................ 85 

 

 

 



XIII 
 

LIST OF FIGURES (Continued) 
 

Figure                  Page 

 
4.14  Calcination temperature at 1250°C (A) UV-Vis alnlysis (a) MB, (b) LTO,  

(c) FeCrLTO, (d) FeCrLTO(N)1250_18h, (e) FeCrLTO(N)1250_30h and  
(f) FeCrLTO(N)1250_24h, (B) Estimated band gap energy (v) Eg(LTO), 
(w) Eg(FeCrLTO), (x) Eg(FeCrLTO(N)1250_18h), (y) Eg(FeCrLTO(N)1250_30h),  
(z) Eg(FeCrLTO(N)1250_24h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1250_18h,(e) FeCrLTO(N)1250_30h and  
(f) FeCrLTO(N)1250_24h, (D) Percentage of methylene blue ................................ 87 

4.15  Calcination temperature at 1350°C (A) UV-Vis alnlysis (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h, (e) FeCrLTO(N)1350_30h and  
(f) FeCrLTO(N)1350_18h, (B) Estimated band gap energy (v) Eg(LTO), 
(w) Eg(FeCrLTO) , (x) Eg (FeCrLTO(N)1350_24h), (y) Eg (FeCrLTO(N)1350_30h),  
(z) Eg (FeCrLTO(N)1350_18h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h,(e) FeCrLTO(N)1350_30h  
and (f) FeCrLTO(N)1350_18h, (D) Percentage of methylene blue ....................... 89 

4.16  Calcination times at 18h (A) UV-Vis alnlysis (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1250_18h 
and (f) FeCrLTO(N)1350_18h, (B) Estimated band gap energy  
(v) Eg(LTO), (w) Eg(FeCrLTO), (x) Eg(FeCrLTO(N)1150_18h), (y) Eg(FeCrLTO(N)1250_18h),  
(z) Eg(FeCrLTO(N)1350_18h), (C) Degraded efficiency (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1150_18h,(e) FeCrLTO(N)1250_18h  
and (f) FeCrLTO(N)1350_18h, (D) Percentage of methylene blue ....................... 91 

4.17  Calcination times at 24h (A) UV-Vis alnlysis (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1350_24h, (e) FeCrLTO(N)1150_24h 
and (f) FeCrLTO(N)1250_24h, (B) Estimated band gap energy (v) Eg(LTO), 
(w) Eg(FeCrLTO), (x) Eg(FeCrLTO(N)1350_24h), (y) Eg(FeCrLTO(N)1150_24h),  
(z) Eg(FeCrLTO(N)1250_24h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h, (e) FeCrLTO(N)1150_24h  
and (f) FeCrLTO(N)1250_24h, (D) Percentage of methylene blue ....................... 92 

 

 

 



XIV 
 

LIST OF FIGURES (Continued) 
 

Figure                  Page 

 
4.18  Calcination times at 30h (A) UV-Vis alnlysis (a) MB, (b) LTO, (c) FeCrLTO,  

(d) FeCrLTO(N)1350_30h, (e) FeCrLTO(N)1250_30h  
and (f) FeCrLTO(N)1150_30h, (B) Estimated band gap energy (v) Eg(LTO), 
(w) Eg(FeCrLTO), (x) Eg (FeCrLTO(N)1350_30h), (y) Eg(FeCrLTO(N)1250_30h),  
(z) Eg(FeCrLTO(N)1150_30h), (C) Degraded efficiency (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1350_30h, (e) FeCrLTO(N)1250_30h  
and (f) FeCrLTO(N)1150_30h, (D) Percentage of methylene blue ....................... 93 

4.19  FeCrLTO(N)1250_24h for 0.2g (a) 0 min, (b) 60 min, (c) 120 min and (d) 180 min ..... 95 

4.20  XPS analysis of calcination temperature at 1150°C for 18h, 24h and 30h ....... 97 

4.21  XPS analysis of calcination temperature at 1250°C for 18h, 24h and 30h ............... 99 

4.22  XPS analysis of calcination temperature at 1350°C for 18h, 24h and 30h ..... 100 

4.23  PES N-K edge (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1350_24h ............................. 102 

4.24  Derivative photon energy FeCrLTO(N) (a) LTO, (b) FeCrLTO ............................... 103 

4.25  (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N) 1150°C 18h, (d) FeCrLTO(N)1150_24h ............. 104 

4.26  (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1250_18h, (d) FeCrLTO(N)1250_24h ......... 105 

4.27  (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1350_18h, (d) FeCrLTO(N)1350_24h ......... 106 

4.28  La L3-edge XANES spectra of synthesized photocatalysts  
and the magnification ................................................................................................ 107 

4.29.  Ti K-edge XANES spectra of synthesized photocatalysts (a) and the 
magnification of the white line region. The unsmoothed k3-weighted  
of Ti K-edge EXAFS of synthesized photocatalysts (b). ....................................... 108 

4.30  Ti K-edge EXAFS of synthesized photocatalysts with fits taken  
from the La2Ti2O7 model. (a) LTO1150_2h, (b) FeCrLTO1150_2h,  
(c) FeCrLTO1150_24h, (d) FeCrLTO1250_24h. Upper graph is the k3-weighted  
EXAFS. Lower graph is the Fourier transforms of the EXAFS signals in R space.  
Phase shifts were not corrected. ................................................................................. 110 

4.31 (Fe,Cr) La2Ti2O7 (N) mechanism of photocatalyst.................................................. 111 

 
  

 



 
 

1. CHAPTER I 
INTRODUCTION TO TiO2 PHOTOCATALYST

 
1.1  Overview of Titanium Dioxide 

Recently, environmental pollution has become a major concern, particularly 
the contamination of organic and inorganic dyes, heavy metals, and infectious waste. 
These pollutants can cause severe diseases, with many of them being caused by 
pathogenic bacteria which is harmful to human beings not only to human health but 
also to the environment and animals. Various methods have been employed to solve 
these problems, including thermal, chemical, physical, and photocatalytic treatments. 
Among these treatments, photocatalytic treatment using the photocatalytic 
phenomenon has gained widespread acceptance. 

The photocatalytic activity is a critical mechanism in the inactivation of bacteria. 
This phenomenon destroys the inner and outer membranes of bacteria, leading to the 
death cell due to the action of various radicals. It can also destroy DNA and RNA. The 
predominant semiconductor used for photocatalytic activity is titanium dioxide (TiO2), 
which possessed high photocatalytic activity when exposed by solar irradiation, 
particularly sunlight. TiO2 possesses several desirable properties, including being non-
toxic, stable, and environmentally benign. As a result, it finds applications in various 
fields, such as water and air purification for inactivating bacteria and eliminating heavy 
metals. It is also used in medical equipment for sterilization, producing radicals such 
as hydroxyl (OH-), superoxide (O2

-) and hydrogen (H+) radicals for inactivating bacteria. 
Solar energy is one of the most promising renewable energy sources, as it is 

abundant and widely available. The amount of solar energy that reaches the Earth's 
surface is enormous, with an estimated 89,300 TW of solar irradiation. This solar 
radiation is composed of different wavelengths of light, with the UV, visible and IR 
regions being the most significant. 

The UV region is composed of wavelengths below 400 nm. and accounts for 
about 3-5% of the solar irradiation that reaches the Earth's surface. The visible light 
region, which is responsible for the colors that we see, accounts for about 47% of solar 
irradiation and has wavelengths between 400-700 nm. The IR region, which includes 
the heat that we feel from the sun, accounts for about 53% of solar irradiation and 
has wavelengths above 700 nm. 
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In the field of renewable energy, solar energy has gained significant attention 
due to its potential to be converted into electricity through various technologies, such 
as photovoltaics and concentrated solar power. However, there are also other 
applications of solar energy, such as solar water heating and solar-powered 
desalination, which can have a significant impact on energy and water sustainability. 

One of the challenges of using solar energy is to increase its efficiency and 
reduce its cost. Photocatalysis, which is the process of using a catalyst and light to 
accelerate a chemical reaction, has been proposed as a potential solution for 
enhancing the efficiency  
of solar energy conversion. However, photocatalytic efficiency is typically more active 
under the UV region of solar irradiation due to its high energy. Therefore, researchers 
are developing new photocatalytic materials and strategies to improve the efficiency 
of solar energy conversion under visible light and IR regions as well. 

In general, the photocatalytic efficiency of materials is most active under the 
UV region due to the high energy present in this wavelength range. This energy excites 
electrons to move from the valence band toward the conduction band, triggering 
reactions on both sides. Excited electrons (eCB) in the conduction band react with 
oxygen (O2) to produce various active species, such as hydroxyl radical (OH), hydrogen 
peroxide, superoxide (O2

-), and others. The valence band, on the other hand, is left 
with positive holes (h+

VB) resulting in water oxidation.  
 

 

 
Figure 1.1 Scheme photocatalytic reaction 
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The layered perovskite structure, A2B2O7, with its highly donor-doped state, 
exhibits photocatalytic performance due to separated electrons and holes, in addition 
to high stability and redox reaction. La2Ti2O7, a member of this structure, is particularly 
noteworthy for its high photocatalytic water splitting capability, producing H2 and O2. 
It is also efficient under UV region due to its large band gap energy of approximately 
3.8 eV. 

Band gap energy plays a significant role in exhibiting efficient photocatalysts 
since the visible light spectrum has insufficient energy to excite electrons to migrate 
from the valance band to the conduction band, unlike the UV region.  This poses a 
challenge to achieving high photocatalytic activity.  Researchers have attempted to 
improve La2Ti2O7's efficiency by working on the visible light region, such as doping with 
a transition metal or cation doping.  Cation doping is effective in extending the band-
edge photoresponse towards visible light irradiation as narrow band gap energy. 
However, monodoping, which involves doping with a single cation in the 
microstructure, has limitations due to an unoccupied impurity state that decreases 
band gap energy. The solution is the co-doping system, where two cations are doped 
in the microstructure to obtain photocatalytic desirability since it maintains charge 
balance and has high-evacuated carriers and high degree band gap.  

Fe and Cr co-doping are promising candidates for visible light-driven La2Ti2O7 
as cation doping, and the co-doping system is more effective than mono-doping and 
undoping.  For anion doping, elements like N, C and S decrease the band gap energy. 
However, nitrogen (N)  is remarkable in obtaining high photocatalytic activity working 
on visible light.  

The present work investigates the influence of nitrogen-doped (Fe, Cr) La2Ti2O7 
and its photocatalytic activity under visible light as methylene blue degradation. 
La2Ti2O7 was prepared by the sol-gel method to obtain high purity La2Ti2O7, and doping 
with Fe and Cr was carried out during the first preparation as cation doping.  As for 
anion doping, calcination was done at different temperatures under a nitrogen 
atmosphere. 
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1.2 Research objective  
1.2.1 Study the effect N2 dope on the photocatalytic activity of (Fe, Cr) La2Ti2O7 

(N) under visible light irradiation. 
1.2.2 Study the effect of calcination parameter such as temperature and time 

on the photocatalytic activity of synthesized (Fe,Cr) La2Ti2O7 (N), confirmed by methylene 
blue (MB) degradation. 

1.2.3 Study the sol gel process for preparation of ( Fe,Cr)  La2Ti2O7 base for 
synthesized (Fe, Cr) La2Ti2O7 (N) photocatalyst. 

 
1.3 Research hypothesis 
 Co- doping, which involves the simultaneous introduction of two or more 
dopants into a photocatalytic material has been found to be a promising strategy for 
improving photocatalytic efficiency.  This is because co-doping can create additional 
electronic states within the band gap of the material which can facilitate the separation 
of photo- generated charge carriers leading to improved photocatalytic activity. 
Transition metals, such as Fe and Cr, are commonly used as co-dopants due to their 
ability to create new energy states within the band gap of the photocatalytic material. 
This, in turn, enhances the absorption of light and promotes the separation of electron-
hole pairs, leading to higher photocatalytic efficiency.  Nonmetal co- dopants, such as 
nitrogen, fluorine, and sulfur, can also improve photocatalytic activity by introducing 
additional energy levels within the band gap of the photocatalyst.  Nitrogen, in 
particular, has been shown to be an effective co-dopant due to its ability to reduce 
the band gap energy of the photocatalytic material, making it more efficient in 
absorbing visible light.  Furthermore, the combination of transition metals and 
nonmetals as co- dopants can lead to synergistic effects, resulting in even higher 
photocatalytic activity.  In summary, co- doping with both transition metals and 
nonmetals can be an effective approach for improving the photocatalytic performance 
of materials. This strategy can create new energy levels within the band gap, enhance 
light absorption, and promote charge carrier separation, ultimately leading to higher 
photocatalytic efficiency.

 



 
 

2. CHAPTER II 
LITERATURE REVIEW

 
2.1 Overview TiO2 base photocatalyst 

Photocatalysis has been combined two words together that it consists of 
photochemistry and catalysis and relates to light irradiation and catalysis reaction 
which accelerate chemical reaction and transformation. Some of words are likely same 
as catalysis, such as catalyzed, assisted, induced, accelerated, promoted, and 
stimulated, makes it confusing.  The term of catalysis, in the sixteenth century, the 
word used catalysis from the chemist A.  Libavius in his book Alchymia so the original 
word that was from the Greek and mean “decomposition” or “dissolution” Next, in 
nineteenth century, applying this about the occurred reaction was not directly to 
chemical transformation, according to Berzelius, and Ostward defined catalyst as 
kinetic phenomenon that changed the rate of reaction neither changing chemical 
product nor changing chemical equilibrium. Until modifying of the definition of catalyst 
in the reaction rate theory was explained “A catalyst is a compound that are lower 
the free activation energy enthalpy of the reaction.” 
 

 

Figure 2.1 The various applications in solving pollution (Nakata, K., &Fujishima, A., 2012). 

 
Titanium dioxide, also known as TiO2, has gained widespread usage in various 

applications due to its unique properties, such as photocatalysis (Figure 2. 1) .  This 
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property has made it an essential component in many fields, particularly in the 
environmental and energy sectors.  TiO2 is not only stable and low- cost but also 
environmentally friendly and biocompatible, making it highly desirable for many 
applications. The interest in utilizing the photocatalytic phenomenon to solve current 
problems has been on the rise for several years.  This can be seen in the continuous 
increase in the number of publications on the subject, which is currently over 1000 
peer- reviewed publications per year (Figure 2. 2) .  Scientists from different fields are 
working tirelessly to develop new technologies that can take advantage of this 
property and solve pressing environmental issues. 

One of the significant environmental problems that TiO2 photocatalysis can 
help solve is water pollution.  Researchers are developing new methods to improve 
photocatalytic reactions for sanitization and cleansing of water, as well as various 
techniques for increasing renewal water to clean wastewater.  These developments 
can have a significant impact on the environment and help to make water safer and 
more readily available for various uses. 
 

 

 

 

 

 

 

 

Figure 2.2 The number of publications tend (Spasiano, D. et al., 2015) 
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2.2 Explored photocatalysis 
The phenomenon of water splitting photocatalyst of TiO2 under Ultraviolet (UV) 

region by Fujishima and Honda represents a significant milestone in the field of 
heterogeneous photocatalysis.  This finding challenged existing notions within 
electrochemistry and catalysis and has since become an important area of research 
and development for many scientists across multiple disciplines. 

Despite facing initial resistance and skepticism from some electrochemists, 
extensive research has been conducted to be more understand how to enhance the 
efficient photocatalyst of TiO2.  This has been approached to the development of 
numerous applications for TiO2 photocatalysts, such as the decontaminated-organic 
compounds in air pollution and wastewater. As consequence, TiO2 photocatalysts are 
considered to approach for environmental remediation, clean energy, and energy 
harvesting. 

Fujishima emphasis on the importance of sharing the benefits of science and 
technology with everyone is a commendable perspective.  Fujishima belief that the 
significant key of modern science is being a healthy society, comfortable, and wellness 
lives and is an aspirational goal that many in the scientific community share. Fujishima's 
work, specifically his utilization of the photocatalyst discovery, exemplifies a 
commitment to contribute to the creation of such a society. 

The water- splitting photocatalytic exploration of TiO2 under Ultra violet (UV) 
region by Fujishima and Honda is a significant breakthrough in the field of 
heterogeneous photocatalysis.  This discovery has spurred extensive research, leading 
to the development 
of new applications for TiO2- based photocatalysts.  Fujishima's focus on utilizing 
scientific discoveries to create a better society highlights of scientific research and the 
favorable influence it can have on society as entireness. 

 

2.3 Photocatalysis definition 
Photocatalysis is the remarkable process that utilizes both harvesting light and 

catalysis reaction to facilitate or accelerate a chemical reaction.  The term 
"photocatalysis"  is speculated from the ancient-Greek language and is separated into 
2 words; "photo"  meaning light, and " catalysis"  referring to the process whereby a 
substance change the chemical transformation rate of reactants being stable itself. 
Catalysts reduce the activation energy required for a reaction to occur, effecting in an 
increased reaction rate.  Photocatalysts can be classified as homogeneous or 
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heterogeneous. Homogeneous photocatalytic processes mainly use metal complexes 
as catalysts which produce hydroxyl radicals with responded organic matter to toxic-
substances destruction. 

Heterogeneous photocatalysis, on the other hand, is a technically sophisticated 
method that uses a solid catalyst, typically a semiconductor material such as titanium 
dioxide (TiO2), to degrade various organic pollutants in wastewater. When exposed by 
light, semiconductors occur electron-hole pairs that are reacted with water or oxygen 
to form reactive species capable of breaking down organic pollutants into less harmful 
substances.  The advantages of heterogeneous photocatalysis include ease of 
operation, low energy consumption, environmental friendliness, and the ability to 
separate the catalyst from treated water for easy reuse.  Ongoing research in this area 
is focused on developing new and more efficient catalysts, optimizing reaction 
conditions, and scaling up the process for commercial use.  Heterogeneous 
photocatalysis has numerous applications in environmental systems:  the 
decontaminated wastewater, generated hydrogen, purified air, and disinfection. 
Photocatalysis has gained attraction of wastewater treatment due to its cost-
effectiveness and efficiency to acquire complete mineralization of pollutants.  

Currently, photocatalytic TiO2 are considered to promote an approach for the 
total decontamination of polluted air and wastewater destructing organic compound. 
One of the pioneers, Fujishima, in the field of photocatalysis, emphasizes the 
importance of sharing the benefits of science and technology with everyone. According 
to Fujishima, the crucial role of developing new concepts is perform to various 
products and services.  By utilizing his discovery of the photocatalyst, Fujishima 
prospect to contribute to the creation of such a society.  The field of photocatalysis 
has immense potential for developing environmentally friendly and sustainable 
solutions for wastewater treatment and the degradation of organic pollutants.  As 
researchers continue to explore and develop new photocatalysts and optimize 
reaction conditions, the practical applications of photocatalysis are probable to 
expand and improve. 
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2.4 Photocatalysis mechanism 
The process of photocatalysis involves the utilization of a suitable catalyst and 

the interaction of light energy to facilitate redox reactions that lead to the degradation 
of pollutants.  Semiconductor materials are commonly employed as photocatalysts 
due to their electronic structure, which comprises a filled electron in the valence band 
and an unoccupied electron in the conduction band.  This allows for the transfer of 
electrons and holes, resulting in the aforementioned redox reactions.  Before the 
occurred redox reaction becomes with electrons and holes, it takes more steps 
reaction. The steps involved in semiconductor photocatalysis; when photons from light 
irradiation with equivalent energy or greater than the bandgap energy of the 
semiconductor material are absorbed, valence band electrons are excited and migrate 
to the conduction band, leaving holes in the valence band.  The left holes can react 
with water molecules to generate hydroxyl radicals, while the excited electrons in the 
conduction band react with dissolved oxygen species to form superoxide ions.  Both 
the hydroxyl radicals and superoxide ions possess strong oxidizing power, which 
accompanies the decontaminated pollutants. In addition, the electrons and holes can 
endure successive oxidation and reduction reactions with any adsorbed species to 
form attainable products (Figure 2.3).  
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3 Photocatalytic mechanisms scheme (Khan et al., 2017) 
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Accordingly, all mentioned above, it can write relative equations by: 

TiO2 + hν → e− + h+           (eq 2.1) 

For equation below, occurrence of H2O2. 

O2 + e−    → O2
−•           (eq 2.2) 

O2
−• + H+ → HOO•           (eq 2.3) 

H2O        → OH− + H+          (eq 2.4) 

HOO• +e−→ HO2
−           (eq 2.5) 

HO2
− +H+ → H2O2           (eq 2.6) 

H2O2 + e- → OH− + OH•          (eq 2.7) 

H2O + h+ →H+ + OH•           (eq 2.8) 

2.4.1 Description of oxidation mechanism 
The presence of absorbed water on the photocatalyst surface can 

furtherenhance the photocatalytic activity. This water can be oxidized by the positive 
holes in the valence band to form hydroxyl (OH∙) radicals which have strong oxidizing 
power and can react with organic matter present in the pollutants. In the presence of 
oxygen, these intermediate radicals can undergo radical chain reactions, ultimately 
decomposing the organic matter into carbon dioxide and water (Figure 2.4). 
 

 
 

Figure 2.4 Oxidation reaction scheme (Khan et al., 2017) 
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2.4.2 Description of reduction mechanism 
 Reduction of oxygen contained in the air also occurs during the 

photocatalytic process. The conduction band electrons react with dissolved oxygen 
species to form superoxide anions, which can attach to the intermediate products in 
the oxidative reaction, forming peroxide or converting to hydrogen peroxide and then 
water. Reduction is more likely to occur in organic matter than in water, leading to an 
increase in the number of positive holes, reducing carrier recombination, and 
enhancing photocatalytic activity (Figure 2.5). 

 

 

 

Figure 2.5 Reduction reaction scheme (Khan et al., 2017) 

 

2.5 Limitation of TiO2 for photocatalyst 
The number of researchers reported that TiO2 can adsorb Ultra violet region, 

UV, so this range that it is enough energy to excite an electron to excited state, 
electrons from valence band to conduction band, but it has only 5% out of solar 
radiation. TiO2 cannot absorb in visible light range, approximately 43% out of solar 
radiation due to it becomes the reflection of light of the large band gap energy 
between the occupied valence and empty conduction band and the fact that the light 
in visible wave range is not absorbed by TiO2. Others region, near-infrared and infrared 
region 52% out of solar radiation approximately, do not promoted electronic transition 
due to it changes in vibrational energy of covalent bond (Spasiano, D., 2015) (Figure2.6). 
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Figure 2.6 Solar energy spectrum (Vu & Kaliaguine, 2019) 

 
2.6 Metal doping 

Liqiang et al. (2004) improving TiO2 is active under visible light, and the doping 
with transition metals were obtained high photocatalytic activity.  One of various 
transition metal was high efficiency emphasizing Lanthanum (La). The XRD pattern was 
shown  
5 mol% of La doped TiO2 that the La inhibited phase transformation of TiO2 comparing 
with different temperature.  At 700˚C of La-doped TiO2 appeared a little rutile peak 
but undoped TiO2 translating to rutile structure completely, as shown in Figure 2.7. 
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Figure 2.7 XRD pattern (a) pure TiO2 and (b) the different temperatures 
of doping TiO2 with 5 mol% of La (Liqiang et al., 2004) 

 
Accordingly, XPS spectrum analysis, calcined at 500˚C and 600˚C, they found 

that the increasing of calcination temperature were increased amount of crystal lattice 
oxygen, while occurring oxygen vacancies were decreased, the combination of atoms 
or groups to become stable. Concentration ratio Ti/La on surface was high that La3+ 
was diffused to surface with increasing calcination temperature in Figure 2.8. 
 

 

 

 

(a
) 

(b) 
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Figure 2.8 Identified elements on the surface by XPS:  La, O, and Ti with  
doping 5mol%  of La on TiO2 nanoparticles at different 
calcination temperature, 500˚C and 600˚C. (Liqiang et al., 2004) 
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Importantly, La3+  was possible the Ti- O- La formation which effected to inhibit 
growing of rutile crystal (Figure 2.8). In addition, aspect of photocatalytic activity with 5 mol% 
of La doped TiO2 by decreasing phenol appropriate condition was at 600˚C (Figure 2.9). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 9 The photocatalytic efficiency of phenol degradation with 
doping 5 mol% La on TiO2 nanoparticle. (Liqiang et al., 2004) 

 

Zhu, J. et. al. (2006) tried to improve titanium dioxide efficiency, TiO2, had been 
extensively researches which was mostly photocatalytic ability to solve environmental 
pollution because of various useful properties such as high photocatalytic properties, 
harmless, chemically stable form, and inexpensive cost. However, the limitation of 
TiO2 was only active under Ultra Violet (UV), and several-researchers effort developed 
TiO2 to be active under visible light using various transition metal doping in TiO2. Fe3+ 
is one of choices that researchers select to improve photocatalytic activity by doping 
on TiO2, modifying a charge carrier, as well as various synthetic techniques used for 
doping TiO2. Sol-gel technique is the most processing had been considered to prepare 
doping ion TiO2 in nanosized with high purity. 

 
 
 

 



16 
 

 

 

 

 

 

 

 

 

 

Figure 2.10 UV-Vis measurement (a) pristine TiO2, (b) TiO2 with doping 
0.15%Fe, (c)  TiO2 with doping 0.30%Fe, and (d)  TiO2 with 
doping 0.50%Fe. (Zhu, J. et. al., 2006) 

 

Particularly, measuring UV-Vis, Figure 2.10 was shown the consequence of Fe 
on the wavelength TiO2 absorption. The absorption range increased from 400 to 650 
nm with the Fe contents; it accompanies to change in white to reddish color in which 
occurs from two factors. The excited electrons on 3d state from Fe3+ to conduction 
band of TiO2 at 415 nm was charged transition and d-d transition at 500 nm. 
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Figure 2.11 XRD pattern of TiO2 and Fe-TiO2 (Zhu, J. et. al., 2006) 

 

They found that Fe3+ diffuses in C-axis, 0.77 A˚, and substitute Ti4+ in 
contributed to Fe3+atomic radius (0.64 A˚) was almost equal to Ti4+atomic radius (0.68 
A˚), For C-axis was possible to be diffusion. Amount content of Fe influencing XRD 
pattern, it was evident from the result that Fe3+ diffuse in C-axis and substituted in 
TiO2 structure when the crystal growth of Fe doped TiO2 that its gain restrained during 
hydrothermal treatment, which was slightly broadening in XRD peak (Figure 2.11). 
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Figure 2. 12 Binding energy Fe doped TiO2 ( XPS spectra) :  ( a)  all Fe 
content, ( b)  Ti2p state peak, ( c)  O1s state peak, and  
(d) Fe2p state peak. (Zhu, J. et. al., 2006) 

 

The XPS pattern indicated at 464.2 and 458.2 eV respectively, which indicated Ti4+- 
binding energy in TiO2 structure, for 2p3/2 state of Fe2O3 at 710.7 eV and 2p1/2 state at 724.3 
eV was shifted, emphasizing Fe3+ on surface was more positively charged probably.  The 
Fe2p state was diffused in the TiO2 lattice and occurring the Fe-O-Ti formation (Figure 2.12). 
 Prekajski, M.  et al.  ( 2016)  investigated chromium doped titanium dioxide,  
Cr- doped TiO2, with 3 and 6 mol%, calcined in various temperatures; the XRD pattern 
showed the calcination at 400, 600 and 800˚C (Figure 2.13). 
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Figure 2.13 XRD pattern TiO2 and Cr-doped TiO2, 3 mol% and 6 mol%. 
(Prekajski, M. et al., 2016) 

 

Particularly, at 400 ˚C, all diffraction peaks of Cr-doped TiO2 which were an 
anatase structure when temperature rise it up, 600˚C that the pure TiO2 exhibited some 
peak of rutile structure, but Cr-doped TiO2 still stabilized in anatase structure. Increasing 
temperature up to 800˚C, pure TiO2 and Cr-doped TiO2 promote to rutile structure 
completely because the kinetic transformation from anatase to rutile was powerfully 
affected by defecting oxygen degrees when the transformation increased toward oxygen 
vacancies enhancing.  A key effect of phase transformation was oxygen vacancies 
concentration which caused by two group of dopants: (i) inhibitors and (ii) promoters, in 
term of the combined effect of both ionic radii and valence. 

Apparently, Cr3+  as dopant which was strongly promoted anatase to rutile 
phase transformation that Cr3+  was substituted on Ti4+  becoming oxygen vacancies 
increasing mass transport for phase transformation into rutile structure completely.  
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Table 2.1 Crystal line size with pure and Cr-doped TiO2, 3 mol% and 6 mol%.  
  (Prekajski, M. et al., 2016) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, when Cr3+  replaced on Ti4+  in crystal structure, it caused on 
defecting crystal structure of TiO2 which occurred microstrain inside ( Table 2. 1) . 
Furthermore, factor of temperature, the microstrain decreased when temperature 
increased, depending on concentration of Cr doping.  Moreover, Cr- doped TiO2 
exhibited high specific surface area, SBET, greater than pure TiO2 due to the different 
charge, in this case lower, led to a different particle packing in contributed to the 
dopant become to occur unsaturated bond on surface which obtained higher surface 
energy comparing with pure TiO2. (Table 2.2), and the concentration of Cr was only 2-
3% locating on surface.  
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Table 2. 2 Specific surface area both pure TiO2 and Cr- doped TiO2, 3 mol %  and  
6 mol%. (Prekajski, M. et al., 2016) 

 

 

 

 

 

Especially, Cr concentration was effective to band gap energy which was 
reduction when increasing concentration of Cr doping because of oxygen vacancies. 
The best result of concentration of Cr is 6 mol% with calcination temperature at 400˚C 
(Figure 2.14).  
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Figure 2.14 Crystal violet (CV) dye degradation by TiO2 sample, pure and 
Doping Cr3+ , with various concentrations.  Different 
calcination temperature: (a) 400˚C, (b) 600˚C, and (c) 800˚C.  

   (Prekajski, M. et al., 2016) 
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2.7 Non-metal doping 
Chen X.  and Burda C.  (2007)  prepared samples for the comparison of doping 

non-metal, which was nitrogen (N), carbon (C) and sulfur (S), in titanium dioxide (TiO2) 
to study their properties that it was measurement X- ray diffraction ( XRD) , X- ray 
photoelectron spectroscopy (XPS)  and UV-Vis, for indicating XRD pattern had four 
patterns to compare each non-metal doping (Figure 2.15). 

 

 
 

Figure 2.15 XRD pattern (a) pristine TiO2, (b) carbon doped TiO2(C-TiO2), (C) 
sulfur doped TiO2 (S-TiO2) and (d) nitrogen doped TiO2 (N-TiO2) 
below high-resolution TEM (left) and electron diffraction pattern.  

 (Chen X. & Burda C., 2007) 
 

The colors of doped TiO2 exhibited a yellow to light yellow which was absorbed 
under visible light region.  
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Figure 2.16 UV-Vis (a) pristine TiO2, (b) C-TiO2, (c) S-TiO2 and (d) N-TiO2.  
    (Chen X. & Burda C., 2007) 

 
In addition, pure TiO2, C- , S-  and N-doped TiO2 showed band edge absorption 

around 390 nm, for N-TiO2 showed 415 nm, rutile-phase band-edge absorption (Figure 
2.16 ) .  Furthermore, among three, N-doped TiO2 obtained largest optical properties, 
which were high absorption under visible light, λ > 400 nm. 
 

 

 

 

 

 

 
Figure 2.17 VB XPS spectra (a) pure TiO2, (b) C-TiO2, (c) S-TiO2 and  

(d) N-TiO2 (Chen X. & Burda C., 2007) 
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 Analysis by XPS, the XPS spectra was explained how to create a formation 
structure, binding energy, and another thing that it was explained the total density of 
state (DOS) of the valence band (VB), for Figure 2.17 TiO2 was diffused by non-metal 
that both substitutional and interstitial sites were observed indicting 397.0 eV and 400 
eV respectively. 

Wang, J. et al. (2009) synthesized Titanate nanotube (TNT) was large band gap 
energy, 3.3 eV and 3.87 eV which was difficult to transfer electrons from valence band 
to conduction band as well as UV spectrum transferred electrons due to its enough 
power energy, but UV region in solar energy was only 4-5% why several researcher was 
intensively interesting to improve TNTs to be active under visible light, 53% out of 
solar energy. 

Doping non-metal, even nitrogen, on titanium dioxide (TiO2) was not reduction 
band gap energy, but it occurred the hybridization of the N 2p state of dopiant with O 
2p state valence band of TiO2 by instread of nitrogen N 2p state above on the 
maximum valence band of TiO2.  

 

 

 

 

 

 

 

 
Figure 2.18 TiO2 nanobelt of SEM image. (Wang, J. et al., 2009) 

 

A structure of undoped TiO2 nanobelt (Figure 2. 18 ) , its phases were analyzed 
by XRD technique comparing with both undoped and doped TiO2 which treated them 
under NH3 gas in different temperature 525, 550, 575 and 600˚C as signified as N525, 
N550, N575 and N600 respectively, for phases analysis were detected by XRD 
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technique to discover types of phase in compound.  In addition, color of them were 
different; N525, N550 and N575 were yellow and was a grayish green of N600.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.19 XRD pattern pristine TiO2 and doped TiO2 at different  

 temperature under NH3. (Wang, J. et al., 2009) 

 
Accordingly, XRD pattern found that occurring a new peak on there but the 

intensity of this pattern decreases and become broadening peak in contributed to 
doping nitrogen (Figure 2.19). As XPS spectra shows binding energy all doped TiO2 
compared with pristine TiO2 which decreased binding energy when increased 
temperature, and the doped TiO2 was decreased N contents (at%) (Table 2.3).  
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Table 2.3 XPS peak position after treatment TiO2 nanobelt at different temperature. 
              (Wang, J. et al., 2009) 
 

 

 

 

 

 

 

 

Figure 2.20 showed a new peak of binding energy at 395.6 eV that its peak 
appeared to indicate N bonding as TiN, for oxynitride peak at 399.6 eV was ascribed to  
Ti-O-N or Ti-N-O.  
 

 

 

 

 

 

 

 

 

 

Figure 2.20 XPS spectra N-doped TiO2 at different temperature. (Wang, J. et al., 2009) 
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Thus, nitrogen as dopant substituted around 400 eV and interstitial site around 396 
eV. The valence band spectra showed N-doped TiO2 (N575) that the valence band was 
increased until around 0.3 eV (Figure 2.21).  
 

 

 

 

 

 

 

 
 

Figure 2.21 XPS spectra, increasing the valence band of N- doped TiO2  
 comparing with pristine TiO2 (Wang, J. et al., 2009) 

 
Pristine TiO2 absorbed energy under UV region, which was λ < 400 nm and 

absorbed under visible light, which was λ > 400 nm, for N-doped TiO2. From Figure 
2.22, the N-doped TiO2 increased absorption when their temperature increased.  

 

 

 

 

 

 

 

 
Figure 2.22 UV-Vis absorption at different temperature. (Wang, J. et al., 2009) 
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According to measurement of photocatalytic activity, the evaluation of this 
activity was obtained by decomposing of methylene blue (MB) under visible light and 
UV irradiation. All samples, undoped and doped TiO2 that they were the most effective 
to organic dyes, degrading methyl blue as same both conditions, under visible light. 
Among them, N550 (treating 550˚C, under NH3) was greater than all samples, for N575 
(treating 575˚C, under NH3) was active under UV (Figure 2.23 and 2.24). 

 

 

 

 

 

 

 

 

Figure 2.23 Degradation methylene blue under visible light (Wang, J. et al., 2009) 

 

 

 

 

 

 

 

 

 

 

Figure 2.24 Degradation methylene blue under UV (Wang, J. et al., 2009) 
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Peng, Y.P. et al. (2010) provided microwave to assist N-doped titanate nanotube 
(N-doped TNTs). Generally, many methods of the doping TNT has been obtained 
aspect of photocatalytic property and it was satisfactorily synthesized, N-doped TNTs, 
C-doped TNTs and Ni-doped TNTs, to reduce band gab energy and shifted its 
absorption under visible light region. N-doped TNTs was efficient greater than other 
non-metals and transition metals that it mentioned above using microwave -assisted 
hydrothermal, M-H treatment. 

 
 

 

 

 

 

 

 

 

 

 

Figure 2.25 TEM images of (a) TNTs, (b) NTNTs-350, (c) NTNTs-450 and  
 (d) HR-TEM image of NTNTs-350. (Peng, Y.P. et al., 2010) 

 

Apparently, Figure 25 showed structure and morphology of TEM technique, for 
N-doped TNTs (NTNTs)  are analyzed that the image of NTNTs-350 ( treatment 350˚C) 
demonstrated a tabular structure after increased treatment temperature at 450˚C 
( NTNTs- 400)  destroys tabular structure to be tube formation.  Even aspect of 
photocatalytic activity, they found that the NTNTs absorption was under visible light 
due to doping nitrogen as dopant (Table 2.4 and Figure 2.26). 
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Table 2.4 SBET, absorbent wavelength and photon energy of TNTs, NTNTs-250, NTNTs- 
 350 and NTNTs-450. (Peng, Y.P. et al., 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26 UV–vis absorbance of TNTs and NTNTs-250, NTNTs-350 and  

NTNTs-450. (Peng, Y.P. et al., 2010) 
 

As doped nitrogen, Figure 2.26 demonstrated high absorption at 570 nm, NTNTs-
350, and degrade methyl orange, NTNTs-450, that its degradation was 96.3 % with 0.296 
min-1 for degradation rate. 
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Figure 2.27 Photo-degradation of methyl orange over NTNTs-X with and  
without visible Light irradiation. (Peng, Y.P. et al., 2010) 

 
Improving optical properties of titanium dioxide (TiO2) had been developed by 

reducing band gap energy, which was important to exhibit photocatalytic activity when 
the band gap energy was narrow so that electrons was transferred from valence band 
to conduction band becoming electron hole parried as well, and modifying TiO2 was 
various methods that the one of these method were doped TiO2 by non-metal such 
as nitrogen (N), phosphorus (P) and fluorine (F) as efficient decreasing band gap energy 
(Figure 2.27). 

Zong, X. et al. (2011) investigated that CsCaTa3O10 was active under visible light 
with doped nitrogen via ammonia flowing, as well as nitrogen decreased band gab 
energy becoming narrow, which was 2.0 eV from 3.8 eV, pristine CsCaTa3O10. In addition 
to diffusing reflectance spectra, both CsCaTa3O10 and N- doped CsCaTa3O10 
demonstrated in Figure 2.28.  
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Figure 2.28 Diffuse reflectance spectra of (a) CsCaTa3O10 and (b)–(d)  

N-doped CsCaTa3O10. (Zong, X. et al., 2011) 

 
  Furthermore, undoped CsCaTa3O10 absorb in UV region, λ < 400, when it is 
doped by nitrogen that the absorption apparently increases, λ > 400, and evaluation 
of absorption relates to temperature condition when the absorption increases as well. 
Characterization of binding energy via XPS technique, pristine CsCaTa3O10 was no signal 
on there after calcination by ammonia (NH3) appearing new signal when increasing 
calcination temperature was to obtain high signal, positioned 395.8 eV, due to 
CsCaTa3O10, for Ta 4f peak was broadened because of Ta-N formation (Figure 2.29). 
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Figure 2.29 High-resolution XPS spectra of N 1s and Ta 4f measured on 

(a) CsCaTa3O10 and (b)–(d) N-doped CsCaTa3O10 samples 
prepared by calcining CsCaTa3O10 in an ammonia gas flow at 
973, 1023 and 1073K, respectively. (Zong, X. et al., 2011) 

 
Chen, S. et al. (2014), decreasing band gap energy was obtained high 

photocatalytic activity. According to doping TiO2 with nitrogen active under visible light, 
TiO2 was doped by nitrogen but it was weak absorption and a limit extension under 
visible light that the dopant diffusing from surface to bulk through the interlayer, or 
tunneled galleries were proposal to be responsive for the homogenous nitrogen 
doping. A new doping with nitrogen tunneled photocatalyst MgTa2O6-x Nx, its absorption 
edge was around 570 nm. 
 Generally, MgTa2O6 was usually active in UV region with AB2O6 structure that it 
was treated by ammonia gas was obtained doping nitrogen by which occur MgTa2O6-

xNx showing in XRD pattern (Figure 2.29a)  
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Figure 2.30 Crystal structure of MgTa2O6-x Nx (A) TaO6 octahedral, and 
oxygen and magnesium atoms are illustrated as blue 
octahedral, and red and green spheres. XRD pattern (B) and 
enlarged XRD patterns (C), UV-Vis DRS (D), and N 1s and Ta 
4p XPS spectra (E) of sample: (a) MgTa2O6, (b) MgTa2O6-xNx 
(Chen, S. et al., 2014) 

 

 In addition to XRD pattern, it exhibited pattern of both MgTa2O6 and MgTa2O6-

xNx which were similarity but slightly shifted due to the atomic radius 0. 132 nm and 
0.124 nm for N-3 and O-2 ion respectively, for doping nitrogen was less influence on its 
morphology.  Exhibition of photocatalytic activity showed significantly increased 
absorption under visible light (Figure 2. 30D)  estimating band gab 2. 18 eV, and it also 
changed color from white to bright orange after thermal ammonia treatment. 
Consequently, Binding energy at 396 eV considers that the nitrogen was Ta-N formation 
into the network of Ta-O-Ta. 
 Rachel Fagan et al.  (2016)  reported that they used co-doping N, P and F by 
dividing two methods:  method A and method B, for method A used ammonium 
hexafluorophosphate as reactant, and another one used urea, trifluoroacetic (TFA) and 
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phosphoric acid (PA). In addition, all methods were analyzed by XRD each temperature 
(Figure 2.31 and 2.32). 
 

 
 

Figure 2.31 XRD pattern for method A, (a) pure TiO2 and (b) 500˚C and 
1000˚C added dopant, A = antatase. (Rachel Fagan et al., 2016) 

 

 
 

Figure 2.32 XRD pattern for method B, (a) pure TiO2, (b) 500˚C and 
1000˚C added dopant, R = rutile. (Rachel Fagan et al., 2016) 

 

From XRD pattern, method A still had anatase phase at 1000˚C (Figure 2.31), 
another one, all appearing rutile phase on that (Figure 2.32). Analysis by XPS, at 500 ˚C, 
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nitrogen was detected forming O-Ti-O structure that it located peak of XPS at 401.2 eV, 
but fluorine is absent there. As phosphorus analysis same technique, it expected that 
phosphorus seemed to effectively replace titanium, Ti, due to atomic radius 0.34 A˚ and 
0.64 A˚ for phosphorus and titanium respectively, but it bounded to surface of titanium 
particle, not replaced by P+5, and the peak of XPS of P2p phosphorus was shifted from 
134.1 eV (500˚C) to 134.7 eV (900˚C) and 134.6 eV (1000˚C) because of annealing 
temperature increased. Then, increasing temperature, at 1000˚C, there was shifted form 
400.24 eV (900˚C) down to 397.80 eV indicating N-Ti-N bonding by which it was confirmed 
by FT-IR as well, for the O-Ti-O peak had been shifted from 454 cm-1 (method A) to 513 
cm-1 (method B) in contributed to the occurrence of N-Ti-N bonding as same 
temperature 900 ˚C (Figure 2.33). 

 

 
 

Figure 2.33 FT- IR spectra for (a) method A and (b) method B at 900˚C  
 (Rachel Fagan et al., 2016) 

 
 
 
 
 
 

 



38 
 

 

 
Figure 2.34 Kinetic study for undoped sample comparing with sample 

preparing by both methods calcined at 900˚C, (a) method B, 
(b) undoped sample, and (c) method A. (Rachel Fagan et al., 
2016) 

 

Accordingly, photocatalytic activity of method A at 900˚C decomposed 
rhodamine 6G dye greater than method B as same temperature, less than undoped 
TiO2, was attributed to change the anatase form to rutile form completely because of 
rutile form less photocatalytic activity than anatase, for undoped TiO2 at 900˚C was 
being both anatase and rutile form (Figure 2.34). 

Consequently, formation of nitrogen oxide, NO, occurred both method that the 
formation was lifted the discrete energy above valence band 0. 7 eV which was in 
midgap state (Figure 2.35). 
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Figure 2.35 Impurity energy state for substitutionally doped TiO2. (Rachel Fagan et al., 2016) 

 
2.8 TiO2 antimicrobial 
 Regmi, C. et al. (2018), the waste water was a big issue which was harmful on 
social humanity currently, this caused from many factors such as industries, hospital, 
etc. Apparently, most of the waste water were contaminated with (1) pathogen 
originate from hospital and biomedical laboratories, (2) different hazardous mineral 
such as organic dyes, chemicals and excessively used hazardous pesticides, herbicides 
and plastic. This was harmful to human body becoming severe diseases not only harm 
to people, but also widely humanity, environment, and ecosystem.  
 Many industries treated these problems by various methods; physical methods, 
biological methods, chemical treatment methods. All methods mentioned above, the 
disadvantages of all these methods were unremoved contaminated products in water 
completely, and some chemical products occurred formation with that becoming 
more toxic than parent pollution.  
 Recently, the novel green technology ids coming famous and benign to 
environment which was based on advanced oxidation particles ( AOPs’ )  in 
semiconductor materials that it is generated free radical; oxygen radical ( ∙O2

- )  and 
hydroxy radical ( ∙OH)  treated pollutant including the organic and microbial cells.  In 
addition, the photocatalytic mechanism is developed to desire high photocatalytic 
activity such as formation of heterojunction, tuning the morphology, doping of metal 
or nonmetal. 
 Regmi et al.  (2017)  developed photocatalytic activity which was active under 
visible light by doping Fe on BiVO4 as well as it was highly efficient to degrade ibuprofen 
and Escherichia coli, E. coli, in water. 
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Then, Li et al.  (2017)  reported that BiMoO6 on g-C3N3 nanosheet increase the 
efficient photocatalyst by which was under visible light. 

 Meng et al.  (2017) , in the same year, synthesized MoS2 interspersing Bi2WO6-
heterostructure for disinfection in waste water. 

Esfandiari et al. (2014) found that silver (Ag) was used to disinfect as degraded 
microbial, and Ag further improve photocatalytic activity.  

Particularly, Ning et al. (2017) synthezied Ag@AgI landing on BiOI in which 
exhibited synergistic bacterial mechanism of E. coli under visible light, for Ag doping 
improving photocatalytic activity, some researchers found that Ag doping enhanced 
the efficient inactivation of bacteria under visible light in water. Using semiconductor 
pay an important role inactivation of microbial cells by modified titanium dioxide, TiO2, 
which inactivated bacteria and fungi.  

Mitoraj et al. (2007) was capable, for E. coli used ZnO-Ag nanoparticles, NPs. In 
addition, some bacteria were anti-drugs, Staphylococcus aureus (S. aureus), that it uses 
α-NiMoO4 to inactivate that bacteria. 

Wang et al. (2007), the Semiconductor materials were important key to 
inactivate various bacteria and microorganism used photocatalytic activity in several 
applications: bio-imaging, drug delivery, the coating implantable device etc. Moreover, 
superior photocatalytic property of semiconductor vanished S.aureus bacteria, which 
was one of the deadliest superbugs bacteria so that it resisted all kind of drugs, such 
as ZnO, CaO, Fe3O4 and TiO2 inhibiting inactivated bacteria. 

Consequently, photocatalytic activity exhibits to generate electron, e-, and 
hole, h+, when energy from solar energy is greater than energy band gap by which the 
electrons are excited to transit these electrons from valance band to conduction band, 
e-

cb, remaining holes in valence band, h+
vb, and there are generated charge carriers 

occurring reactive oxygen radical (∙O2
-) and hydroxyl radical (∙OH) 

Photocatalyst + hν    →   ecb⁻ + hvb+                                               (eq 2.9) 

hvb+ + H2O      →    ∙OH⁻ + H+                                                      (eq 2.10) 

hvb+ + ∙OH⁻    →   ∙OH                                                                (eq 2.11) 

ecb⁻  + O2 → ∙O2 ⁻→2H+   H2O2 → e⁻   ∙OH + ∙OH⁻                          (eq 2.12) 

∙OH + pollutant + O2    →  simpler products (salt, CO2, H2O etc.,)     (eq 2.13) 

∙OHad  →    ∙OHfree  + pollutant  → simpler oxidation product         (eq 2.14) 

 



41 
 

When photocatalytic materials, releasing reactive oxygen species (ROS), contact 
with cell membrane of bacteria or micro-organism that it experiences different energy 
and stress there which lead to deconstruct cell membrane, it cannot stay in shape, 
leaking some cytoplasm out there, then it leads to dead cells. Besides, understanding 
with the photocatalytic mechanism degrading bacteria is difficult in details, three 
mechanisms exhibiting with example henceforward (Figure 2.36). 

(1) Oxidative stress induction which is oxidation process, producing OH radical, 
occurring lipid peroxidation  

(2) Releasing metal ions can interact with -SH, -NH and -COOH group of nuclei 
and damage them 

(3) Non-oxidative mechanism is inactivated function of cell such as amino acid, 
carbohydrate metabolism, etc. 

 

 
 

Figure 2.36 Photo-induced process; Photocatalyst destroying cell (Wang et al., 2007) 

 
Consequently, killing bacteria have an ordered attacking to cell with some ROS, 

stepping degradation, and the ROS destroys indicated cell membrane first then it 
follows step up along with Figure 2.36. 
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Figure 2.37 Step of destroying cell membrane by ROS radicals (Wang et al., 2007) 

 
Especially, bacteria can be divided two groups: gram-negative and gram-

positive, and the gram-negative bacteria is sensitive more than gram-positive for 
photocatalytic phenomenon. Apparently, the quite different is cell wall, or cell 
membrane, so that the gram-negative bacteria have triple cell wall structure with a 
cytoplasmic inner membrane, outer membrane and thin single peptidoglycan in 
middle layer, for cell membrane of gram-positive bacteria have more thickness than 
that, so the complex peptidoglycan sheath outside the inner membrane which is more 
resistant to ROS, reactive oxygen species. The major attacking destroys cell membrane 
is hydroxyl radical, ∙OH, that it is core mechanism, and H2O2 is the most effective on 
inactivated bacteria, discontinuous function. 
 

2.9 Layered perovskite structure (La2Ti2O7, LTO) 
Concerning of crystal structure, the layered perovskite structure (A2B2O7) as 

general formula, is the unique structure of electronic configuration because a highly 
donor-doped state exhibits photocatalytic performance due to separated electrons 
and holes; in addition, it has high stability and redox reaction. Significantly, La2Ti2O7 is 
that a member of the layered perovskite structure base on this system, obtaining high 
photocatalytic water splitting: producing H2 and O2. In addition, La2Ti2O7 reveals that it 
is hypervalency occurring La atoms on the layered perovskite structure. (Hwang et al., 
2003), (Hwang et al., 2000), (Kim et al, 2002), (Ku, Y., Wang, L. C., & Ma, C. M., 2007) 
(Wang et al., 2011), (Wang et al., 2012) 
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2.9.1 Doping LTO 
 J. wang et al. synthesized La2Ti2O7 (LTO_NC) which was performed 

thermal method for doping nitrogen employing under NH3 atmosphere as nitrogen 
source and investigated in various temperatures. The XRD pattern was shown doping 
nitrogen that was absence of impurity that unchanged the crystal structure. The 
LTO_NC crystal structure was monoclinic phase after NH3 treatment was low 
crystallinity due to particle size decreasing, as Figure 2.38 (b)-(e). 

 

 
 

Figure 2. 38 XRD pattern of La2Ti2O7 and nitrogen-doped La2Ti2O7 with 
different calcination temperatures (Wang et al., 2021) 

 

 Practically, all samples doping nitrogen indicating nitrogen in the structure 
with NH3 treatment were characterized by XPS technique for confirmed bonding 
composition.  Morphology was investigated by TEM technique, and La2Ti2O7 (LTO)  was 
prepared by thermal method which denoted as LTO_P, without triethanolamine (TEA) 
controlling as additive and with TEA controlling as LTO_NC.  Apart of that, the samples 
were calcined with different temperatures under NH3 atmosphere which denoted as N-
LTO_NC: N-LTO_NC(600), N-LTO_NC(650), N-LTO_NC(700), N-LTO_NC(750), respectively. 
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Figure 2.39 TEM images of (a) LTO_P; (b) LTO_NC; (c) N-LTO_NC(600); 
(d) N-TO_NC(650); (e) N-LTO_NC(700) and (d) N-LTO_NC(750). 
(Wang et al., 2021) 

 

 Morphology was investigated by TEM which compared with LTO_P and 
N-LTO_NC, it obtained an irregular shape and smooth surface, length of LTO_P > 1 µm. 
Also, the particle size LTO_P was larger than N-LTO_NC(650). Comparing LTO_NC and  
N-LTO_NC(650) detecting from high-resolution TEM, both were discontinuous atomic 
lattice because of low crystallinity. The lattice spacing indicated the interplanar 
distance as (212) and (-122) plane of La2Ti2O7 for 0.224 nm and 0.272nm, respectively. 
Result of La2Ti2O7 investigation, the nitrogen doping did not affect morphology and 
crystal structure. According to optical property, LTO_NC light absorption was below 
338nm determining band gap of 3.86eV but nitrogen doping absorbed longer 
wavelength, and the NH3 treatment at 600, 650, 700 and 750°C were at 345, 453, 491 
and 560nm, respectively. Observation NH3 treatment, high nitrogen concentration as 
dopant enhanced absorption edge to longer wavelength, redshift and induced band 
gap narrowing as an impurity level in mid-gap, see in Figure 3. In addition, the estimated 
band gap of N-LTO_NC(600) and N_LTO(750) was 3.74 and 2.57, respectively, as shown 
Figure 2.40(b).  
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Figure 2.40 (a) UV–vis diffuse reflectance spectra and (b) Tauc plots (b) of 

the La2Ti2O7 nanocrystals before and after heat treatment under 
NH3 gas flow at different temperatures. (Wang et al., 2021) 

 

 Tan et al. investigated Nb and Fe co-doping LTO that the preparation 
used a sol-gel process for obtaining high purity of LTO and was compared various 
amount of Fe and Nb co doping. In addition, LTO phase was detected by XRD 
technique, on XRD pattern no impurity evidence. Besides, Nb and Fe codoping was 
not detected but it was incorporated in LTO lattice because the ionic radii of Nb and 
Fe was slightly bigger than Ti which was 0.69, 0.645, and 0.605Å respectively.  
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Figure 2.41 XRD pattern of LTO with different doped concentration and 

the same calcination temperature (Tan et al., 2017) 
 

 The optical property was determined by UV-Vis spectroscopy that the 
edge absorption of LTO was 350nm when doping Nb and Fe demonstrated redshift 
absorption to 460nm. Herein, co-doping can extend the light absorption range which 
was co-doping  
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Figure 2.42 (a) UV-vis diffuse reflectance spectra (b) Calculated DOS of 
pure, mono-doped and co-doped LTO (Tan et al., 2017) 

 

  concentration affected to light absorption strongly and can decrease 
bandgap energy due to d-d hybridization. The d-d hybridization of Fe3d located on 
the top of valence, for Nb4d orbital govern the bottom of conduction band. (Tan et 
al., 2017) 
  Qian Wang et al. tried to decrease band gap energy of La2T2O7 (LTO) 
and obtained high hydrogen (H2) production which employed doping process to be 
high photocatalytic efficiency. Generally, LTO was the large band gap (3.8 eV) that it 
was difficult to decrease band gap which exhibit high photocatalytic performance, and 
Qian Wang et al doped Rh in LTO structure using various method for investigating Rh 
doping. Furthermore, the various methods were employed: Polymerized complex (PC), 
Molten salt synthesis (MSS) and Solid-state reaction (SSR). 
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Figure 2.43 XRD patterns for undoped La2Ti2O7 (entry 1) and Rh-doped 

La2Ti2O7 prepared using the MSS method (entry 2), the SSR 
method (entry 3), and the PC method (entry 4). The impurity 
phase (La0.66TiO2.993) is indicated by asterisks.  
(Wang et al., 2013) 

 

 The XRD pattern showed doping Rh compared with undoped La2Ti2O7 
that the MSS and PC methods exhibited monoclinic structure.  The determining 
crystalline size was 195, 127, 100, and 71 for undoped prepared by MSS method, and 
Rh- doped La2Ti2O7 prepared by the MSS, SSR, and PC methods, respectively.  For 
samples of doping Rh with MSS and PC methods, all elemental content analysis 
revealed percentage of element which closed agreement with theoretical values. The 
MSS method for doping Rh had high surface area using BET surface area exhibiting high 
H2 revolution because molten salt induced lower degree of agglomeration of the 
platelet-like particles. 
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Figure 2.44 Comparison of absorbance and H2 evolution with Rh doped 

La2Ti2O7 for various methods 
 

   The Rh-doped La2Ti2O7 had a steep absorption edge at around 330 nm 
and a shoulder absorption extending to the visible light region regardless of the 
preparation method, indicating that Rh doping reduced the energy gap. (Wang et al., 
2013) 
 

 



 
 

CHAPTER III 
RESEARCH PROCEDURE

 
3.1 Preparation 

3.1.1 Chemical Reactant 
 

Table 3.1 Chemical reactants, Chemical formula and Manufacturers 
Chemical reactants Chemical formula Manufacturers 

Titaniumbutoxide C6H36O4Ti 

 

 

 

 

 

 

ALDICH 

Ethylene glycol C2H6O2 

 

 

 

 

 

 

QreC 
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Table 3.2 Chemical reactants, Chemical formula and Manufacturers (Continued) 

Citric acid C6H8O7 

 

 

 

 

 

ALDICH 

Iron (III) nitrate Fe(NO3)3.9H2O 

 

 

 

 

 

QreC 

Chromium (III) nitrate Cr(NO3)3.9H2O 

 

 

 

 

SIGMA-ALDICH 

Lanthanum (III) nitrate 
hexahydrate 

La(NO3)3.6H2O 

 

 

 

 

 

ALDICH 
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3.1.2 Research equipment, materials and analysis 
 

Table 3.3 Research Equipment, Materials and Analysis 
Equipment and Materials 

Tube furnace Nitrogen gas (N2) 
Distilled water Thermometer 

Alumina crucible (boat shape) Hot plate 

LED lamp Magnetic stirrer 

Oven  

Agate mortar and pestle set  

 

Table 3.4 Analyzed equipment 
X-ray Diffractometer (XRD) Model D2 PHASER 

Ultra violet-Visible Spectrophotometer (UV-Vis) Model CARY 300 

X-ray photoelectron spectroscopy (XPS) 

Field emission scanning electron microscopy (FE-SEM) 

Energy Dispersive Spectroscopy (EDS) 

X-ray absorption spectroscopy (XAS) 

Photoemission electron spectroscopy (PES) 
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3.2 Synthesis powder procedure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Flowchart for powder preparation 

 

 

 

Titaniumbutoxide Ethylene glycol 

Solution A 

Citric acid Distill water 

Solution B 

Solution C 

Stirring  

Homogenous 
solution 

(Fe,Cr) La2Ti2O7 , (FeCrLTO) 
(Undoping powder) 

Metal complex solution 

Lanthanum nitrate 

Stirring 50ºC for 2h  

Heating 130ºC for 8h  

Viscous complex sol 

Solution D 

Pink-fate powder 

Calcination 
temperature at 
350ºC for 2h 
and increasing 
to 1150°C for 2h 
under ambient 
atmosphere 

Molar percent 
(0.005%) of 

Iron (III) nitrate 
and  

Chromium (III) nitrate 

Black precursor powder 
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3.3 Doped nitrogen process 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Flowchart for doping nitrogen process 

 

 

 

 

 

 

 

 

 

(Fe,Cr) La2Ti2O7(N), (FeCrLTO(N)) 

(Doping powder) 

powder 

(Fe,Cr) La2Ti2O7 powder 
(Undoping powder) 

Calcination under 
nitrogen 

atmosphere 

Calcination 
temperature at 

1150°C: 18h, 24h, 30h 

1250°C: 18h, 24h, 30h 

1350°C: 18h, 24h, 30h 
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3.4 Photocatalytic process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Flowchart for photocatalytic testing 

 

 

 

(Fe,Cr) La2Ti2O7 (N), (FeCrLTO(N)) 
powder 0.1g 

 (Doping powder) 
solution

Methylene blue 
solution (0.006 g/L) 

50ml 

Stirring 300min 
(Under light irradiation) 

Mixing powder with 
Methylene blue 

solution 

Separating solution and powder 

Stirring in 
photocatalytic box 
testing (LED lamp) 

Calcination 
temperature at 

1150°C: 18h, 24h, 30h 

1250°C: 18h, 24h, 30h 

1350°C: 18h, 24h, 30h 

Using filter, cutting 
off (< 400 nm) 

At 1150 °C under 

Photocatalytic analysis 

(UV-Vis spectroscopy) 
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3.5 Characterization procedure  
3.5.1 Phase analysis  

 

 

 

Figure 3.4 Flowchart for phase analysis 
 

3.5.2 Morphology analysis  
 

 

 

Figure 3.5 Flowchart for Microcrystalline structure Analysis 
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3.5.3 Elemental composition and X-ray map elements 

 

 

 

Figure 3.6 Elemental quantity and elemental analysis 
 

3.5.4 Elemental substitution analysis 
 

 

 

Figure 3.7 Elemental substitution analysis 
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3.5.5 Nitrogen substitution and elemental bonding 
 

 

 

Figure 3.8 Nitrogen substitution and elemental bonding 
 

3.5.6 Nitrogen substitution analysis 

 

 

 
Figure 3.9 Nitrogen substitution analysis  
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3.6 Details procedure 
3.6.1 Powder preparation 

La2Ti2O7 powder was prepared sol-gel method, and doping Fe and Cr, 
which added before making gelation. The solutions prepared in 2 parts. Solution A, the 
mixing of titaniumbutoxide (C6H36O4Ti, 0.476g, 97%, Sigma Aldrich) and ethylene glycol 
(C2H6O2, 31.002g, 99.5%, QreC) using mole ratio 1:1. Solution B, dissolving citric acid 
(C6H8O7, 29.283g, 99.5%, Sigma Aldrich) in di-water (28ml)with mole ratio 1:1. Then 
mixed A and B together to obtain the new solution as solution C, prepared with 
temperature 50°C for 2h then iron (III) nitrate (Fe(NO3)3.9H2O, 0.0286g, 99.9%, Sigma 
Aldrich), lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O, 6.1247g, 99.999%, Sigma 
Aldrich) and Chromium (III) nitrate (Cr(NO3)3.9H2O, 0.0283g, 99%, Sigma Aldrich) were 
added into solution C and heated up temperature to 130°C for 8h, resulting in the 
formation of a gel. The molar percent of Cr and Fe corresponding to Ti presented in 
the reaction are 0.005% Fe and 0.005% Cr. The calcination temperature of the 
obtained gel was increased gradually up to 350°C and held for 2h, followed by heating 
up to 1150°C at a rate of 5°C/min and holding for 2h. In the previous state, the powder 
was a fate pink color, called FeCrLTO. As doping nitrogen into the structure, calcination 
temperatures in tube furnace under nitrogen atmosphere of sample powder called 
FeCrLTO(N). 

(1) Dissolving Titaniumbutoxide in Ethylene glycol obtains as solution A. 

 

 
 

Figure 3.10 Solution A 
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(2) Dissolving Citric acid in Distilled water obtains as solution B. 

 

 
 

Figure 3.11 Solution B 
 

(3) Mixing Solution A and B and keep stirring. 
(4) Until clear solution that is Solution C. 

 

 

 
Figure 3.12 Solution C 

 

(5)  Weight metal complex powder:  Iron nitrate, chromium nitrate and 
lanthanum nitrate, in Solution C and keep stirring and  increasing temperature upto  
50 ˚C for 2h. 
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(6) Obtaining Solution D 

 

 
 

Figure 3.13 Solution D 
 

(7) Then heating at 130˚C for 8h dissolving all compound in Solution D. 
(8) Formation of viscous gel. 

 

 

 
Figure 3.14 Solution D 

 

(9) Calcination at 350˚C for volatile of organic compound. 
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(10) Obtaining black precursor powder after step 9. 

 

 
 

Figure 3.15 Black powder after calcination at 350˚C  
 

( 11)  Optimized calcination temperature: was at 1150˚C, 2h, without 
controlling atmosphere. 

 

 
 

Figure 3.16 (Fe,Cr) La2Ti2O7 powder after calcination at 1150˚C for 2h 
 

3.6.2 Doping procedure 
To investigate the effect of calcination temperature on the properties of 

FeCrLTO, the powder was subjected to calcination in a tube furnace under a nitrogen 
atmosphere (flow rate 1000 ml/min) for 18h, 24h, and 30h at different temperatures: 1150°C 
(FeCrLTON1150_18h) , 1150°C (FeCrLTON1150_24h) , 1150°C (FeCrLTON1150_30h) , 1250°C 
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(FeCrLTON1250_18h) , 1250°C (FeCrLTON1250_24h) , 1250°C (FeCrLTON1250_30h) , 1350°C 
( FeCrLTON1350_18h) , 1350°C ( FeCrLTON1350_24h)  1350°C ( FeCrLTON1350_30h) .  For 
comparison, control samples were calcined at 1150°C for 2h under ambient atmosphere, 
using the same chemical composition as the experimental samples ( referred to 
FeCrLTO1150_2h) , and without the addition of iron ( III)  nitrate and chromium ( III)  nitrate 
(referred to as LTO1150_2h). 

 (12) Taking powder from step 11, calcination in tube furnace at different 
temperature: 1150, 1250 and 1350˚C and different times: 18h, 24h, 30h under nitrogen 
atmosphere (N2) 

 

 
 

Figure 3.17 Tube furnace 
 

(13) Flow rate of nitrogen gas (N2) at 1000 ml/min. 
(14) (Fe,Cr) La2Ti2O7(N) (FeCrLTON) powder. 
(15) Analyzed powder by:  

 (15.1)  Phase analysis (X-ray Diffractometer (XRD)) 
 (15.2) Detection of bonding compound (X-ray photoelectron 

spectroscopy (XPS)) 
 (15.3)  Microstructure of powder (Field emission scanning electron 

microscopy (FE-SEM)) 
 (15.4) Analysis of absorption of light (Ultra violet-Visible 

Spectrophotometer (UV-Vis)) 
 ( 15. 5)  Elemental composition and elemental quantity ( Energy 

Dispersive Spectroscopy (EDS)) 
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 (15.6) Elemental substitution (X-ray absorption spectroscopy (XAS)) 
 (15.6) Nitrogen substitution (Photoemission Electron Spectroscopy 

  (PES)) 
3.6.3 Photocatalytic activity 
 The degradation of photocatalytic activity was analyzed using 

methylene blue (MB). The MB solution was prepared at a concentration of 1.8x10-4 M 
(57.57 ppm). For each measurement, 0.01 g of the synthesized photocatalysts powder 
was added to 50ml of the MB solution. The reaction was performed in a black box 
with continuous stirring while exposed to LED light (EVE panel square, 18 W, Kenko L41 
super pro (W) filter: light wavelength > 400 nm) for a total of 180 min. The 
photocatalytic activity was determined by measuring the MB degradation using UV-Vis 
spectroscopy (UV-Vis, model: CARY 300) equipped with a tungsten lamp as the light 
source. 

(16) (Fe,Cr) La2Ti2O7(N) (FeCrLTON) powder from step 14, mixing with MB 
solution which was concentration at 1.8x10-4 M was carried up to photocatalytic box 
for degraded MB solution, stirring 180 min.  

 
 

 

 

 

 

 

 

 

 

Figure 3.18 photocatalytic box (Dark box) 
 

(17)  separating powder and solution after 180 min and carried out to 
photocatalytic analysis. 
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3.7 Characterization details 
 3.7.1 X-Ray Powder Diffraction (XRD) 

 The crystal structure of the synthesized photocatalysts were 
determined by X-ray diffraction (XRD, BRUKER D2 PHASER). The characterized 
conditions used for analysis are as follows: CuKα radiation (λ= 1.5406 Å) at 40 kV,  
40 mA, scanning range 20.70° degree (2θ-theta) with 0.02° step size, and a counting 
time of 0.2 second per step. Data manipulation and XRD pattern fitting were performed 
using Originpro 2023 version 10.0.0.154 (Learning Edition) 

 (18) FeCrLTO, FeCrLTON and LTO powder were analyzed a phase 
composition by XRD 

 

 
 

Figure 3.19 X-ray diffraction (XRD, BRUKER D2 PHASER) 
 

3.7.2 UV-Vis spectroscopy (UV-Vis) 
The photocatalytic activity was determined by measuring the MB 

degradation using UV-Vis spectroscopy (UV-Vis, model: CARY 300) equipped with a 
tungsten lamp as the light source. The wavelength range of the analysis was set between 
300 and 700 nm. Measurement was done in a transmittance mode. 

(18) After photocatalytic test in step 17, the solution were determined 
absorption values between 300-700nm by UV-Vis analysis 
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Figure 3.20 UV-Vis spectroscopy (UV-Vis, model: CARY 300) 
 

3.7.3 Field emission scanning electron microscopy (FE-SEM) 
 The crystal structure was analyzed by a field-emission scanning electron 

microscope (FE-SEM) from Carl Zeiss (model: AURIGA). The FE-SEM images revealed the 
shapes and pores in the crystal structure, and the analysis was performed with an 
acceleration voltage of 50 kV, a working distance (WD) of 6.5 mm, and a magnification of 
30k. The identified elements were analyzed using energy dispersive spectroscopy (EDS). 

 (19) FeCrLTO, FeCrLTON and LTO powder were analyzed a microcrystalline 
structure and elemental quantity by FE-SEM and EDS 

 

 
 

Figure 3.21 Morphology and elemental quantity analysis by FE-SEM and EDS 
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3.7.4 X-Ray Absorption Spectroscopy (XAS) 
 X-ray absorption measurements were carried out at the SUT-NANOTEC-

SLRI XAS beamline (BL5.2) of the Synchrotron Light Research Institute (Public 
Organization) (SLRI), Nakhon Ratchasima, Thailand. The synchrotron light provides 
electron energy of 1.2 GeV; bending magnet; beam current 80-150 mA. The beam line 
optics of BL5.2 is equipped with a double crystal, fixed exit, Ge (220) monochromator. 
The beamline possesses an energy range of 1810-13000 eV, a photon flux of 108-1010 
photons/s/100 mA. For Ti K-edge measurement, a Ti foil was used for energy calibration 
at 4966 eV on a transmission mode. For La L-edge measurement, V foil was used for 
energy calibration at E0 of 5465 eV in transmission mode. Samples were measured La 
L-edge XANES and EXAFS in fluorescence-mode at E0 of 5483eV. XANES measurements 
were performed in the rage of -30 eV to 80 eV of E0, while EXAFS measurement, the 
photon energy scan was set up in a range of -150 eV, -10 eV, 30 and 12k of E0 with 
the photon energy step of 5 eV, 0.3 eV and 0.05k. Samples were measured up to 4 
scans. The normalized absorption data were processed after background subtraction 
in the pre-edge and post-edge region, then EXAFS fitting was performed using Athena 
and Artemis program in Demeter (version 0.9.26) Athena. 

(20) FeCrLTO, FeCrLTO(N) and LTO powder were analyzed elemental 
substitution by XAS 
 

 
 

Figure 3.22 Elemental substitution analysis by XAS 
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3.7.5 X-Ray Photoelectron Spectroscopy (XPS) 
The surface elemental composition and oxidation state of samples were 

analyzed using X-ray photoelectron spectroscopy (XPS) , PHI5000 VersaProbe II (ULVAC-
PHI, Japan) at the SUT-NANOTEC-SLRI Joint Research Facility, Synchrotron Light Research 
Institute (SLRI), Thailand. Monochromatized Al-Kα X-ray source (hγ = 1,486.6 eV) was 
utilized to excite the samples.  The XPS spectra were fitted using PHI MultiPak XPS 
software with a combination of Gaussian–Lorentzian lines. Shirley-type background was 
used to remove the background from the spectrum before the peak fitting.  

The survey spectra were recorded with an energy step of 1.000 eV and 
a pass energy of 117.4 eV, meanwhile, the high-resolution spectra were recorded with 
an energy step of 0.05 eV and a pass energy of 46.95 eV. The carbon charging correction 
refers to the binding energy of adventitious carbon at the binding energy of 284.8 eV 

 (21) FeCrLTO, FeCrLTON and LTO powder were analyzed nitrogen 
substitution by XPS 

 

 
 

Figure 3.23 Surface elemental composition and oxidation state by XPS 
 

3.7.6 Photoemission spectroscopy (PES)  
  Photoemission spectroscopy (PES), also known as photoelectron 
spectroscopy, refers to energy measurement of electrons emitted from solids, gases 
or liquids by the photoelectric effect, in order to determine the binding energies of 
electrons in the substance. The term refers to various techniques, depending on 
whether the ionization energy is provided by X-ray, XUV or UV photons. Regardless of 
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the incident photon beam, however, all photoelectron spectroscopy revolves around 
the general theme of surface analysis by measuring the ejected electrons. The PES 
usually use determine elemental analysis in low energy, low eV, the element can 
detect low atom weight that is nitrogen, oxygen, boron and etc. the sample was used 
determined condition: C-ref 281-287 eV, N kedge 390-425eV at the SUT-NANOTEC-SLRI 
Joint Research Facility, Synchrotron Light Research Institute (SLRI), Thailand.   

 (22) FeCrLTO, FeCrLTON and LTO powder were analyzed nitrogen 
substitution by PES 

 

 
 

Figure 3.24 Determined nitrogen substitution by PES  

 

 



 
 

CHAPTER IV 
RESULT AND DISCUSSION

 
4.1 Effect of calcination temperature on FeCrLTO 
 Figure 4.1 was shown (Fe,Cr) La2Ti2O7,  (FeCrLTO), which was Fe, Cr doped 
La2Ti2O7 calcination temperature at 1150°C for 2h under ambient temperarure,  and 
comparing (Fe,Cr) La2Ti2O7 as Fe, Cr doped La2Ti2O7 calcination temperature at 1150°C, 
(FeCrLTO(N)1150), calcination temperature under nitrogen atmosphere at 1150°C in 
different times: 18h, 24h, and 30h.  
 

 
 

Figure 4.1 XRD pattern of FeCrLTO(N) at 1150°C with different calcination  
 times (a) 18h (b) 24h and (c) 30h 

 

 Fe and Cr co-doped with La2Ti2O7, it disappeared Fe and Cr peaks on XRD 
pattern because the amount of Fe and Cr was only 0.005mol% which was not on XRD 
detection and was not appeared Fe and Cr compound on XRD pattern in Figure 4.1 
(La2Ti2O7, LTO, PDF 81-1066), 1150°C for 2h under ambient atmosphere which obtained 
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LTO was monoclinic (P1) of La2Ti2O7 corresponding to Hwang et al due to amount of 
dopant. 

 

 

 

Figure 4. 2 XRD pattern of FeCrLTO at 1250°C with different calcination 
times (a) 18h (b) 24h and (c) 30h 

 

Hwang et al. investigated Cr or Fe doping in La2Ti2O7 that Cr-contents as a 
dopant were higher than 0.01mol% occurring LaCrO3. For Fe-contents were higher than 
0.04mol% which occurred Fe3Ti3O10. In addition, Ti4+ site was substituted by Fe and Cr 
were not instead of La due to similar cationic size: La3+(1.04Å) Ti4+(0.06Å), Fe3+(0.53Å) 
and Cr3+(0.53Å) (Hwang et al., 2005).  

Obviously, the XRD pattern was almost the same pattern but Fe and Cr were 
doped on La2Ti2O7 (FeCrLTO(N)1150) that FeCrLTO(N)1150 peaks intensity was higher 
than original FeCrLTO due to high crystallinity with increasing calcination time.  
Additionally, Myung et al. investigated that the effect of crystalline size was influenced 
to temperature increasing. 

Myung et al. found that TiO2 nanostructure which calcination temperature was 
at 170°C for 24h was broad peaks but the calcination times effected to crystallinity 
when increased to 48h. The crystallinity of TiO2 nanostructure at 168h was higher than 
24h which obtained a high crystallinity when increased calcination times sufficiently 

(Myung et al., 2011).  
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Calcination temperature at 1150°C under nitrogen atmosphere as doping 
nitrogen for 18h, 24h and 30h, FeCrLTO(N)1150_18h, FeCrLTO(N)1150_24h and 
FeCrLTO(N)1150_30h were similar peak of XRD pattern of FeCrLTO. Previous study, 
doping nitrogen was employed NH3 as nitrogen source but result of XRD analysis was 
not change structure, according to Wang et al.  

Wang et al. synthesized doping nitrogen in La2Ti2O7 using NH3 treatment as 
nitrogen source, and the peak diffraction was not indicated N locate in the host 
structure. After NH3 treatment, the XRD pattern was similar peak compared with 
untreated NH3. N-doped La2Ti2O7 was not largely effected to doping concentration 
(Wang, Asakura, Hasegawa, & Yin, 2021). 

 

 
  

Figure 4.3 XRD pattern of FeCrLTO at 1350°C with different calcination 
times (a) 18h (b) 24h and (c) 30h 

 

Calcination temperature at 1250°C in different times: 18h, 24h and 30h was 
XRD pattern with 1150°C similarly, shown as Figure 4.2, but the increasing calcination 
time to 30h appeared La4Ti3O12 peak (PDF 89-4520) which indicated 30.35° of 2θ in 
Figure 4.2 (c). FeCrLTO(N)1250 was decomposition when increased calcination times 
and peak observation decreased peak intensity at FeCrLTO(N)1250_30h compared with 
FeCrLTO(N)1250_18h and FeCrLTO(N)1250_24h. According to the La4Ti3O12 formation, 
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Miseki et al. was apparent calcination temperature higher than 1200°C, and Abe and 
Laine found that the formation of La4Ti3O12.  

Abe and Laine synthesized La4Ti3O12 which occurred La4Ti3O12 formation 
beginning above 1050°C with decreasing La2Ti2O7 content, La2Ti2O7 decomposition (Abe 
& Laine, 2020). 

Miseki et al. La4Ti3O12 formation was synthesized via the polymerization 
complex method after heating at 1200°C for 10 h. In contrast, the solid-state reaction 
(SSR method) of La4Ti3O12 formation was obtained at 1400°C. The effective particle 
shape was influenced to decreasing-calcination temperature due to crystal growth to 
the direction in a plane parallel to the (-110) plane (Miseki, Kato, & Kudo, 2009). 

FeCrLTO(N)1350_18h was La4Ti3O12 formation, 30.35° of 2θ, until 18h because 
of high calcination temperature which was higher than 1250°C. The XRD pattern 
consisted of La4Ti3O12 and La2Ti2O7 as mixing phase and the peak intensity decreased 
when calcination time to 30h that La4Ti3O12 was decomposed, shown as Figure 4.3 (c). 
Therefore, Figure 4.3 (a), (b), and (c) was shown that FeCrLTO(N)1350_18h, 
FeCrLTO(N)1350_24h and FeCrLTO(N)1350_30h had the La4Ti3O12 peak appearing on 
XRD pattern. In addition to La4Ti3O12 formation, the calcination temperature was higher 
than 1250°C obtaining La4Ti3O12 which was obtained La4Ti3O12 using calcination 
temperature at 1350°C as well, according to Zhang et al. 

Zhang et al. reported that the La4Ti3O12 preparation was used PC method using 
calcination temperature 1250°C for 6h and obtained pure La4Ti3O12 before doping 
process (Zhang et al., 2019). 
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4.2 Effect of calcination temperature on FeCrLTO(N)  
 

 
 

Figure 4.4 XRD pattern of FeCrLTO(N)  at 18h with different calcination 
temperatures (a) 1150°C, (b) 1250°C and (c) 1350°C 

 

Comparing with calcination time at 18h with different calcination temperatures 
was FeCrLTO(N)1150, FeCrLTO(N)1250 and FeCrLTO(N)1350 which was similar XRD 
pattern but FeCrLTO(N)1350 indicated La4Ti3O12, 30.35° of 2θ, that the calcination 
temperature was higher than 1250°C occurring La4Ti3O12 as mentioned above. 
Corresponding to crystallinity, the crystallinity was high when increasing temperature, 
observed by Phromma et al. 

Phromma et al. reported that TiO2 had a broadened peak in the range of 300°C-
500°C at the same calcination time and increased calcination temperature to 600°C 
was more crystallinity due to sharper and narrow peaks of XRD pattern. Besides, the 
increasing calcination temperature had an influence on crystalline size, phase 
transition, and crystallinity. (Phromma, Wutikhun, Kasamechonchung, Eksangsri, & 
Sapcharoenkun, 2020)  
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Figure 4.5 XRD pattern of FeCrLTO(N)  at 24h with different calcination 
temperatures (a) 1150°C, (b) 1250°C and (c) 1350°C 

 

The crystal phases of synthesized photocatalysts was shown in Figure 4.5 

revealing that all samples exhibit the La2Ti2O7 crystal phase as the dominant phase, 

and no impurities are detected. It is apparent that the La2Ti2O7 crystal started forming 

after being calcined at 1150°C for 2h under ambient atmosphere. The complete 

La2Ti2O7 crystal was found in FeCrLTO1150(N)_24h and FeCrLTO1250(N)_24h, which 

obtained monoclinic (P1) of La2Ti2O7. However, FeCrLTO1350(N)_24h found an extra 

peak of La4Ti3O12 at 2θ of 30.35 degrees, suggesting that higher temperature induced 

decomposition or phase transformation from La2Ti2O7 into mix phase of La2Ti2O7 + 

La4Ti3O12. In addition, the co-doping of Fe and Cr did not reveal any impurity phases, 

suggesting that the Fe and Cr cations were possibly integrated into the La2Ti2O7 lattice.  
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Figure 4.6 XRD pattern of FeCrLTO(N)  at 30h with different calcination 
temperatures (a) 1150°C, (b) 1250°C and (c) 1350°C 

 

Above FeCrLTO1150_30h, La4Ti3O12 appeared on XRD pattern but La4Ti3O12 
formation was not imperfect crystal which considered XRD intensity of 
FeCrLTO1250_30h in Figure 4.6 (c). The La4Ti3O12 formation was used higher 
temperature than 1250°C. Fe and Cr disappeared located peal on XRD pattern which 
was a small amount of that it was not detected.  
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4.3 Elemental composition analysis  
4.3.1 Energy Dispersive X-ray Spectroscopy (EDS) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.7  FE-SEM using EDS technique of FeCrLTO(N) at 1150°C for 18h 
The elemental compositions of synthesized photocatalysts 
were analyzed by FE-SEM using Energy-Dispersive X-ray 
(EDX) technique. The EDX spectra of FeCrLTO1150_18h  

 

 was shown in Figure 4.7, and the percentage of mass relative to each 
element was summarized in Table 4.1. There was no contamination of the samples 
with other elements, as indicated by the peaks corresponding to O, Ti, La, Fe, and Cr. 
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Moreover, the results confirm that Fe and Cr were incorporated into the crystal 
structure of La2Ti2O7. Although the content of O and Ti was similar across all samples, 
specifically, there were slight variations in the contents of La, Fe, and Cr.  

 
Table 4.1 Elemental composition of FeCr1150(N)_18h 

Sample 
Elemental composition (%mass relative) 

O Ti La Fe Cr 

FeCrLTO1150(N)_18h 26.97 10.82 43.01 1.78 17.41 

 

 Thus EDS technique was employed to identify the elemental 
composition and reveal elemental detection: FeCrLTO1150(N)_18h, 
FeCrLTO1150(N)_24h, FeCrLTO1150(N)_30h, FeCrLTO1250(N)_18h, FeCrLTO1250(N)_24h, 
FeCrLTO1250(N)_30h, FeCrLTO1350(N)_18h, FeCrLTO1350(N)_24h, and 
FeCrLTO1350(N)_30h. This section was shown only FeCrLTO(N)1150C_18h. The 
elemental analysis demonstrated that all samples were found: Ti, La, O, Fe and Cr, and 
the percent of elements were different in each sample, see in appendix 1. Considering 
EDS technique was not nitrogen detection which was equipment limitation. 

 The limited equipment was undetectable nitrogen atoms, which was a 
light element as uncertain detection. Therefore, the nitrogen atoms in crystal structure 
was determined with other techniques for insisting that atoms.  In addition, X-ray map 
revealed all elements with the same as EDS technique. Furthermore, absorption in this 
relatively thick (>7 µm) window prevents analysis of elements with an atomic number 
below that of sodium (Z < 11). (Williams, 1993) (Malac & Egerton, 1999) 
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Figure 4.8 X-ray map composition of FeCrLTO(N) at 1150°C for 18h  
 

 The detection limit in EDS depends on sample surface conditions, 
smoother the surface the lower the detection limit. EDS can detect major and minor 
elements with concentrations higher than 10wt% (major) and minor concentrations 
(concentrations between 1 and 10wt%). The detection limit for bulk materials is 
0.1wt% therefore EDS cannot detect trace elements (concentrations below 0.01wt%) 
(Goldstein J et al., 2003). 
 

4.4 Morphology and elemental composition 
 4.4.1  Field Emission Scanning Electron Microscope (FE-SEM) 

 The crystal morphologies of the synthesized photocatalysts were 
observed using FE-SEM. The sample calcined at 1150°C (FeCr1150_18h) was found to 
have the smallest grain size (Figure. 4.9(a)). As the calcination time increased up to 24h 
(FeCr1150_24h), the crystal structure became larger and the grain edges became 
sharper comparing with original reference (LTO, 1150°C 2h air). 
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Figure 4.9 FE-SEM image of crystal structure at 1150°C in different 
calcination times (a) FeCrLTO 1150°C 2h air (b) FeCrLTO(N) 
1150_18h, (c) FeCrLTO(N) 1150_24h and (d) FeCrLTO(N) 
1150_30h 

 

Figure 4.9 (c) FeCrLTO(N)1150_24h calcination time increasing to 24h, some 
grains were larger than neighbor gains obviously due to the effect of calcination times.  

In contrast, the sample calcined at 1150°C (FeCrLTO1150_30h) showed 
disappearing gain edges, which resulted in the large grain size connecting with the 
adjacent grains, see in Figure 4.9 (d). 

The results suggest that changes in the morphology of co-doped 
FeCrLTO were induced by the calcination temperature. Although higher temperatures 
are more favored for the formation of perovskite-type crystalline grains, but the 
temperature should not exceed 1250°C to avoid adverse effects on the crystallinity. 
 

 

(a
) 

(b
) 

(c
) 
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Figure 4.10 FE-SEM image of crystal structure at 1250°C in different 
calcination times (a) FeCrLTO 1250°C 2h air (b) 
FeCrLTO(N)1250_ 18h, (c) FeCrLTO(N)1250_ 24h and (d) 
FeCrLTO(N)1250_30h 

 

The calcination temperature at 1250°C was shown microcrystalline 
compared with original reference (LTO, Figure 4.10 (a)) which was found sharpen-gain 
edge compared with Figure 4.9 (b) FeCrLTO(N) 1150_18h and was decreased pores 
volume, shown as Figure 4.10 (b). The relative of calcination temperature and 
calcination time was influence of characteristic pore and crystalline size, according to 
Collazzo et al.  

Collazzo et al. synthesized nano-TiO2 which was used 150°C and 200°C 
for 6, 12, 24 and 36h respectively, they found that the calcination temperature and 
calcination time effected to pore size, pore volume, and crystalline size. In addition, 
when increasing temperature, pore size was larger but the pore volume decreased. 
Pore size observation employing calcination temperature at 150°C for 6h and 36h and 
200°C for 6h and 36h obtained 6.3 nm, 8.3 nm, 9.6 nm. and 13.6 nm, respectively. The 

(a
) 

(b
) 

(c
) 

(d
) 
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pore volume of calcination temperature at 150°C for 6h and 36h and 200°C for 6h and 
36h obtained 0.33 cm3•g-1 and 0.29 cm3•g-1, 0.32 cm3•g-1, and 0.26cm3•g-1, respectively. 
For crystalline size increased when increased calcination temperature, the calcination 
temperature at 150°C for 6h obtained 8.9 nm for average size when increased 
temperature up to 200°C for 6h obtaining 12.0 nm for average size. As effective 
calcination time to crystalline size, the calcination temperature at 150°C for 6h and 
36h and 200°C for 6h and 36h obtained 6.3 nm, 8.3 nm, 9.6 nm, and 13.6 nm, 
respectively. (Collazzo, Jahn, Carreño, & Foletto, 2011) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 FE-SEM image of crystal structure at 1350°C in different calcination 
times (a) FeCrLTO 1350°C 2h air (b) FeCrLTO(N) 1350_18h,  
(c) FeCrLTO(N)1350_24h and (d) FeCrLTO(N)1350_30h 

 

FE-SEM image of crystal structure at 1350°C was shown the microcrystalline 
that the grains size was obtained densification due to increasing of calcination time. 
Apparently, calcination time at 30h occurred grain growth and densification. At 24h, 

(a
) 

(b
) 

(c
) 
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the grains was connected with neighbor grains as grain boundary diffusion, and the 
grain shape was changed by effective time. 

Grain boundary diffusion and lattice diffusion are important densification 
mechanisms in metals and ceramics. Plastic flow, by dislocation motion in response 
to the sintering stress, plays essentially no role in the sintering of ceramics because of 
the low dislocation density. The occurrence of plastic flow during the sintering of 
metals is controversial, but most likely dislocations participate in the initial stage of 
sintering. Finite element analysis (Ogbuji, 1986) and experiments (Morgan, 1973; Brett 
and Seigle, 1963) indicate that plastic flow by dislocation motion is inactive in the 
intermediate and final stages of sintering. 
 

4.5 Photocatalytic activity analysis 
4.5.1 UV-Vis spectroscopy (UV-Vis)  

 

 
 

Figure 4.12 (a) Metylene blue (MB), (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1350_24h, (e) FeCrLTO(N)1150_18h,  
(f) FeCrLTO(N)1350_30h, (g) FeCrLTO(N)1250_18h,  
(h) FeCrLTO(N)1250_30h, (i) FeCrLTO(N)1350_18h,  
(j) FeCrLTO(N)1150_ 24h (k) FeCrLTO(N)1150_30h,  
(l) FeCrLTO(N)1250_24h 
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The photocatalytic activity was observed all  samples  to degrade 
methylene blue (MB) (1.8x10-4M) for 180min (Jin, et al., 2008) (Sahoo, Gupta, & 
Sasidharan Pillai, 2012) under visible light irradiation which was analyzed by UV-Vis 
spectroscopy. Figure 4.12 revealed photocatalytic activity which was compared to N-
doping samples with LTO and FeCrLTO as references. The LTO, Figure 4.12 (b), slightly 
decreased from original methylene blue (MB), Figure 4.12 (a), because LTO was large 
band gap energy (3.8eV) (Liu, Nisar, Sa, Pathak, & Ahuja, 2013) which effected to low 
photocatalytic activity to degrade MB due to inactive photocatalyst under UV region. 
The large band gap is an obstacle of migration for the excited electrons from valence 
band to conduction band if the energy is enough or more band gap energy. In addition, 
UV region has more energy than visible light region. Therefore, LTO was not active 
under visible light. 
  Doping process is the one of decreased band gap energy which is high 
photocatalytic activity. Cation doping can be effective to narrow bandgap obtaining 
LTO active under visible light, doping with cation induced longer-wavelength 
absorption.  

 According to Tan et al., co-doping was investigated the optical property 
of Nb and Fe co-doping LTO which was determined by UV-Vis spectroscopy that the 
edge absorption of LTO was 350nm when doping Nb and Fe demonstrated redshift 
absorption to 460nm. Herein, codoping can extend the light absorption range which 
was codoping concentration affected to light absorption strongly and can decrease 
bandgap energy due to d-d hybridization. The d-d hybridization of Fe3d located on 
the top of valence, for Nb4d orbital governed the bottom of conduction band. 
(Tan et al., 2017) 
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4.6 Effect of calcination temperature on FeCrLTO(N) 

 

 
 

Figure 4.13 Calcination temperature at 1150°C (A) UV-Vis alnlysis (a) MB,  
(b) LTO, (c) FeCrLTO, (d) FeCrLTO(N)1150_18h,  
(e) FeCrLTO(N)1150_24h, and (f) FeCrLTO(N)1150_30h,  
(B) Estimated band gap energy (v) Eg(LTO) ,(w) Eg(FeCrLTO),  
(x) Eg(FeCrLTO(N)1150_18h), (y) Eg(FeCrLTO(N)1150_24h), (z) Eg (FeCrLTO(N)1150_30h), 
(C) Degraded efficiency (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1150_18h,(e) FeCrLTO(N)1150_24h and  
(f) FeCrLTO(N)1150_30h, (D) Percentage of methylene blue 

 

The result UV-Vis absorption was detected by the color changing or various 
concentrations of MB degradation at 180min, for Figure 4.13 was shown 
FeCrLTO(N)1150 in different-calcination times as 18, 24 and 30h. The MB degradation 
revealed that FeCrLTO(N)1150_24h was FeCrLTO(N)1150_ 18h which occurred higher 
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photocatalytic activity. Regarding with crystalline size, the band gap energy was larger 
when decreasing of crystalline size. 

Kim et al. reported that the effect of smaller crystalline size corresponded to 
more efficient reaction because smaller crystalline size induced a larger band gap. On 
the other hand, the band gap narrow was the crystalline size increases. (Kim, Han, & 
Kwak, 2007) 

And also cation-cooping influence to obtain high photocatalytic activity, the 
codoping with cation had d-d or p-d hybridization in the state comparing with LTO and 
FeCrLTO, shown as Figure 4.13(A): (b)-(c). 

Obviously, nitrogen doping strongly affects to photocatalytic efficiency 
comparing with FeCrLTO and FeCrLTO(N) when doping nitrogen increased MB 
degradation, see Figure 4.13(A): (c)-(f) 

 The MB degradation values of FeCrLTO(N)1150_18h, FeCrLTO(N)1150_24h, and 
FeCrLTO(N)1150_30h were 0.686, 0.6157, and 0.586, respectively. The MB degradation 
percent was calculated from absorbance values following equation 4.1, 

 

  % MB degradation = (1-absorbance) x 100                              (eq 0.1) 

 

where absorbance was the highest intensity of UV-Vis analysis at 664nm. 
(Luangthanarak, et al, 2023) 

Additionally, the percentage of MB degradation was 31.66, 34.3 and 41.35%, 
respectively, see in Figure 4.13(A): (d)-(f). Obviously, FeCrLTO was active under visible 
light but it degraded MB less than doping nitrogen. Optical properties for photocatalysis 
were estimated by Tauc’s plot which was used to determine the band gap energy (Eg) 
following equation 4.2, 
 

 (αhν)2 = K (hν-Eg)                                        (eq 0.2) 

 

where Eg is estimated energy band gap between conduction band and valence 
band, α is the absorption coefficient corresponding to Beer-Lambert relation, hν is aborption 
energy: h is Plank constant, ν is incident frequency, and K is the hand tailing parameter. 
Inaddition to the band gap energy (Eg), Tauc’s plot was used to estimated band gap energy, 
as shown in Figure 4.13 (B) : (v) Eg (LTO) = 3.18 eV, (w) Eg(FeCrLTO) = 2.84 eV , (x) Eg(FeCrLTO(N)1150_18h) 
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= 2.47 eV, (y) Eg(FeCrLTO(N)1150_24h) = 2.39 eV, (z) Eg(FeCrLTO(N)1150_30h = 2.35 eV. The trending of Eg 
estimation was lower when increasing calcination times. Therefore, influence of increased 
calcination time effected to decrease Eg due to increasing amount of nitrogen into lattice 
FeCrLTO. The nitrogen doped FeCrLTO obtained high photocatalytic efficiency. 
 

 
 

Figure 4.14 Calcination temperature at 1250°C (A) UV-Vis alnlysis (a) MB,  
(b) LTO, (c) FeCrLTO, (d) FeCrLTO(N)1250_18h,  
(e) FeCrLTO(N)1250_30h, and (f) FeCrLTO(N)1250_24h,  
(B) Estimated band gap energy, (v) Eg(LTO), (w) Eg(FeCrLTO),  
(x) Eg(FeCrLTO(N)1250_18h), (y) Eg(FeCrLTO(N)1250_30h), (z) Eg(FeCrLTO(N)1250_24h),  
(C) Degraded efficiency (a) MB, (b) LTO, (c) FeCrLTO,  
(d) FeCrLTO(N)1250_18h,(e) FeCrLTO(N)1250_30h and  
(f) FeCrLTO(N)1250_24h, (D) Percentage of methylene blue 
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Calcination temperature at 1250°C investing at 180min of MB degradation was 
observed that FeCrLTO(N)1250_18h was lower absorbance than FeCrLTO(N)1250_18h. 
Both were doped nitrogen at same calcination time but FeCrLTO(N)1250_18h might be 
nitrogen substitution which was higher than FeCrLTO(N)1150_18h due to calcination 
temperature. Furthermore, the crystallinity of FeCrLTO(N)1250_18h was higher than 
FeCrLTO(N)1150_18h when comparing with SEM micrograph, see in Figure (A): (a). Figure 
4.14 (B) the estimated Eg was 3.18eV, 2.84eV, 2.44eV, 2.31eV, which was LTO, FeCrLTO, 
FeCrLTO(N)1250_18h, FeCrLTO(N)1250_30h, FeCrLTO(N)1250_24h, respectively. 
Comparing with Eg at 1250°C, the lowest of Eg value was FeCrLTO(N)1250_24h because 
the oxygen was substituted by nitrogen which optimized substitution in this system. For 
Eg of FeCrLTO(N)1250_30h was higher than FeCrLTO(N)1250_30h, it occurred La4Ti3O12 
formation, see in Figure 4.14. La4Ti3O12 was mixed phase (LA2Ti2O7 and La4Ti3O12) that the 
La4Ti3O12 was high Eg value (4.2eV) and occurred heterojunction. 

Hence, this concept of a heterojunction strategy to improve the efficiency of 
photocatalytic water splitting by combining two or more simple materials that already 
possessed appreciable visible light absorption, high efficiency and reasonable stability – 
oxides, nitrides, sulphides and phosphates, and etc. Indeed, there has been some progress 
in the use of complex oxides and oxynitrides for overall water splitting under visible light. 
However more research into this emerging family of photocatalyst materials was required, 
particularly their incorporation into junction architectures, before we can truly assess their 
impact in this field. (Moniz, Shevlin, Martin, Guo, & Tang, 2015).  

Especially, the occurrence of heterojunction could obtain the overlapped band 
gap energy (Eg) which become narrow Eg but it still had high Eg when compared with 
FeCrLTO(N)1250_24h leading to strongly effected nitrogen substitution. According to 
Asahi et al, the substitutional doping of N was then chosen to be the most promising 
because its p states contribute to the band gap narrowing by mixing with O2p. (Asahi, 
Morikawa, Ohwaki, Aoki, & Taga, 2001) 

Apparently, the percentage of degradation was 32.99, 42.56 and 30.2 of 
FeCrLTO(N)1250_18h, FeCrLTO(N)1250_24h, FeCrLTO(N)1250_30h, respectively. 
However, the percentage of FeCrLTO(N)1250_30h decreased because La4Ti3O12 had 
large Eg that it overlaps with La2Ti2O7 which still was higher Eg than nitrogen 
substitution. Consequently, FeCrLTO(N)1250_30h, percentage of MB degradation was 
lowest, see in Figure 4.14 (D): 
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Figure 4.15 Calcination temperature at 1350°C (A) UV-Vis alnlysis (a) MB, 
(b) LTO, (c) FeCrLTO, (d) FeCrLTO(N)1350_24h,  
(e) FeCrLTO(N)1350_30h, and (f) FeCrLTO(N)1350_18h,  
(B) Estimated band gap energy (v) Eg(LTO) ,(w) Eg (FeCrLTO),  
(x) Eg(FeCrLTO(N)1350_24h), (y) Eg(FeCrLTO(N)1350_30h),  
(z) Eg(FeCrLTO(N)1350_18h), (C) Degraded efficiency (a) MB, (b) LTO, 
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h,  
(e) FeCrLTO(N)1350_30h and (f) FeCrLTO(N)1350_18h,  
(D) Percentage of methylene blue 

 

 Figure 4.15 showed the MB degradation of calcination temperature at 1350°C, and 
when compared with various calcination times that the UV-Vis analysis found that the 
absorbance value from highest to lowest FeCrLTO(N)1350_24h, FeCrLTO(N)1350_30h, and 
FeCrLTO(N)1350_18h which were 0.69, 0.67, 0.65 respectively as shown in Figure 4.15(A) : 
(d)-(f), and also Eg correspondences were 2.48, 2.45,and 2.41eV,respectively, as shown 
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Figure 4.15(B): (x(-(z). In addition to decreasing Eg, calcination temperature at 1350°C for 
18h occurred the oxygen deficiency at high temperature which increase opportunity of 
nitrogen substitution but it not over reaction, for calcination time 24h was Eg dressing 
because of bonding reaction with atmosphere occurrence. 

 According to bonding reaction with atmosphere, Hashizume & Hasegawa found 
that, annealing AlGaN thin film could be lost nitrogen atoms on surface because the 
nitrogen atoms reacted with each other or with oxygen atoms (oxidation) to form 
volatile molecules such as NOx. (Hashizume & Hasegawa, 2004) 
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4.7 Effect of calcination times on FeCrLTO(N) 

 

 
 

Figure 4.16 Calcination times at 18h (A) UV-Vis alnlysis (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1250_18h, 
and (f) FeCrLTO(N)1350_18h, (B) Estimated band gap energy  
(v) Eg(LTO) ,(w) Eg(FeCrLTO) , (x) Eg(FeCrLTO(N)1150_18h), (y) Eg(FeCrLTO(N)1250_18h), 
(z) Eg(FeCrLTO(N)1350_18h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1250_18h 
and (f) FeCrLTO(N)1350_18h, (D) Percentage of methylene blue 

 

 Comparing calcination time at 18h with various temperature was 1150, 1250 and 
1350°C, for observing doping nitrogen exhibited that, the increasing of calcination 
temperature was effected to Eg led to narrow Eg, and the percentage of degradation 
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was high, as shown Figgure 4.16(B): (x)-(z). Noticeably, the absorption values were 6.8, 
6.7, 6.5 of FeCrLTO(N)1150_18h, FeCrLTO(N)1250_18h and FeCrLTO(N)1350_18h, 
respectively, as shown Figure 4.16(A): (d)-(f), for estimated Eg values were 2.47eV, 2.44eV, 
and 2.41eV for FeCrLTO(N)1150_18h, FeCrLTO(N)1250_18h, and FeCrLTO(N)1350_18h, 
respectively. Consequently, increasing temperature might occur oxygen deficiency and 
incorporated nitrogen atoms in LTO lattice. The nitrogen substitution took place oxygen 
atoms in TiO6 octahedral site. (Wang et al., 2013) 
 

 
 

Figure 4.17 Calcination times at 24h (A) UV-Vis alnlysis (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h, (e) FeCrLTO(N)1150_24h, 
and (f) FeCrLTO(N)1250_24h, (B) Estimated band gap energy,  
(v) Eg(LTO), (w) Eg(FeCrLTO), (x) Eg(FeCrLTO(N)1350_24h), (y) Eg(FeCrLTO(N)1150_24h), 
(z) Eg(FeCrLTO(N)1250_24h), (C) Degraded efficiency (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_24h,(e) FeCrLTO(N)1150_24h 
and (f) FeCrLTO(N)1250_24h, (D) Percentage of methylene blue 
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Figure 4.17 showed calcination times at 24h with various temperatures were 
FeCrLTO(N)1350_24h, FeCrLTO(N)1150_24h and FeCrLTO(N)1250_24h that the absorbance 
value were 0.69, 0.61, and 0.57, repectively see in Figure 4.17(C) The Eg values of 
FeCrLTO(N)1350_24h, FeCrLTO(N)1150_24h, and FeCrLTO(N)1250_24h were 2.39, 2.31, 2.48eV, 
respectively, see in Figure 4.17(B): (w)-(z). Obviously, doping nitrogen of FeCrLTO(N)1250_24h 
was lowest of Eg obtaining high photocatalytic activity for MB degradation increased to 42.56% 
because of the optimized nitrogen substitution in this system. 
 

 
 

Figure 4.18 Calcination times at 30h (A) UV-Vis alnlysis (a) MB, (b) LTO,  
(c) FeCrLTO, (d) FeCrLTO(N)1350_30h, (e) FeCrLTO(N)1250_30h, 
and (f) FeCrLTO(N)1150_30h, (B) Estimated band gap energy (v) 
Eg (LTO), (w) Eg (FeCrLTO), (x) Eg (FeCrLTO(N)1350_30h), (y) Eg (FeCrLTO(N)1250_30h), 
(z) Eg (FeCrLTO(N)1150_30h), (C) Degraded efficiency (a) MB, (b) LTO, ( 
c) FeCrLTO, (d) FeCrLTO(N)1350_30h, (e) FeCrLTO(N)1250_30h, 
and (f) FeCrLTO(N)1150_30h, (D) Percentage of methylene blue  
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For comparing calcination times at 30h with various calcination temperature were 
FeCrLTO(N)1350_30h, FeCrLTO(N)1250_30h and FeCrLTO(N)1150_30h that the absorbance 
was 0.67, 0.65, and 0.58, as shown Figure 4.18(A) and (C), respectively. The Eg values were 
2.35, 2.42 and 2.41eV for FeCrLTO(N)1350_30h, FeCrLTO(N)1250_30h and 
FeCrLTO(N)1150_30h, respectively, as shown Figure 4.18(B). Herein, FeCrLTO(N)1150_30h 
obtained lowest Eg because the calcination temperature at 1150°C for 30h found that the 
XRD pattern was shown La4Ti3O12 which obtained heterojunction with La2Ti2O7 further the 
calcination time was increased to 30h enhancing nitrogen substitution as narrow Eg. The 
percentage of degradation was 41.35, 30.2 and 32.45 for FeCrLTO(N)1150_30h, 
FeCrLTO(N)1250_30h, and FeCrLTO(N)1350_30h, respectively. The percentage of 
degradation for FeCrLTO(N)1250_30h decreased from 41.35 to 30.2% that it occurs lost 
nitrogen in lattice due to high temperature and long calcination time. FeCrLTO(N)1350_30h 
could increase the percentage of degradation because it was new phase formation on 
compound which was from decomposition of La4Ti3O12 and La2Ti2O7 but it could not 
detect from XRD analysis. 
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4.8 The highest degradation of methylene blue at different times 
 

 
 

Figure 4.19 FeCrLTO(N)1250_24h for 0.2 g (a) 0 min, (b) 60 min, (c) 120 min, 
(d) 180 min, (e) 240 min and (f) 300 min  

  

 The highest photocatalytic activity was obtained from FeCrLTO(N)1250_24h, 
and increasing amount of powder was 0.2 g to test photocatalytic activity. The result 
of photocatalytic test was appeared increasing photocatalytic more than 89% at  
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300 min which caused the increased amount of powder employing short time to MB 
degradation, as shown Figure 4.19 (A)-(C). 
 

4.9 Bonding and compound analysis  
Bonding detection was determined by X-ray photo electron (XPS) that this 

technique could determine the bonding compound and was employed to determine 
atoms substitution. 

The XPS analysis for calcination temperature at 1150°Cfor various calcination 
times were shown T2p1/2 at higher energy, T23/2 at lower energy, O1s, and N1s, as shown 
Figure 4.20 (A)-(C).  

Figure 4.20 (A) for 18h was shown the binding energy was T2p1/2 and T2p3/2 which 
was 464.4 and 458.7 eV, respectively, and T2p1/2 and T2p3/2 of 24h was 465.2 and  
459.3 eV occuering Ti-O bonding, for 30h had four different peak which T2p1/2 was 465.4, 
464.2 and T2p3/2 was 459.6, 458.8 eV, respectively. At long calcination time enhanced 
oxygen deficiency as mentioned above. T2p1/2 at 465.4 eV was Ti-O as TiOn-x, oxygen 
deficiency, as shown Figgure 4.20 (A) 30h. (Pan, Yang, Fu, Zhang, & Xu, 2013) 

O1s peak at 18h was shown two peaks 532.3 and 530.4eV which was Ti-O-N 
formation, the formation Ti-O-N was addition of nitrogen which could incorporated in 
lattice to become bonding due to nitrogen inside and nitrogen atmosphere reaction but 
it was small amount of Ti-O-N reaction. And also O1s peak at 24h revealed binging energy 
at 532.8 and 530.7 eV which was T-O, O1s peak at 30h was La-O at 533 eV and was 532.5 
and 530.9 eV as Ti-O. Evidently, N1s counld not detect nitrogen as broad peak. 
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Figure 4.20 XPS analysis of calcination temperature at 1150°C for 18h, 
24h and 30h (A) Ti2p (B) O1s (C) N1s 

 

To investigate the calcination temperature at 1250°C with various calcination 
time, the at calcination time 18h was shown T2p1/2 and T2p3/2 which were 465.14 and 
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459.4 eV, respectively. Bonding T2p1/2 and T2p3/2 were Ti-O which was same bonding 
as calcination time at 24h: 465.08 and 459.4 eV for T2p1/2 and T2p3/2 as shown Figure 
4.21 (A) and (C). 

Additionally, calcination time at 24h found that several bond structures were 
464.6 (T2p1/2), 461.7 (T2p1/2), 458.8 (T2p3/2), 457.19 (T2p3/2) and 454.5eV (T2p3/2) for  
T-O, Ti-N, Ti-O, Ti-O-N, Ti-N, respectively, as shown Figure 4.21(B). 

For binding energy of O1s was 533.5, 531.5, 530.5 eV for La-O, TiO, and Ti-O-N, 
respectively. Evidently, binding energy at 530.5 eV exhibited Ti-O-N structure but it was 
not shown in Ti2p that it might be small amount of Ti-O-N occurrence to determine 
inaccuracy. 

Binding energy of N1s was 18 and 30h could not be detected but at 24h 
exhibited Ti-O-N at 397.09 eV which occurred nitrogen atoms substitution on oxygen 
atom in TiO6 sharing on corner octahedral site. (Wang et al., 2021) 
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Figure 4.21 XPS analysis of calcination temperature at 1250°C for 18h, 

24h and 30h (A) Ti2p (B) O1s (C) N1s 
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Figure 4.22 XPS analysis of calcination temperature at 1350°C for 18h, 
24h and 30h (A) Ti2p (B) O1s (C) N1s 

 

Binding energy of calcination temperature at 1350°C with various temperature, 
the calcination time at 18h was 465.1 and 459.4 eV for T2p1/2 (Ti-O) and T2p3/2 (Ti-O), 
respectively, as shown Figure 4.22 (A). Figure 4.22 (A) at 24 was shown T2p1/2, T2p3/2 
and T2p3/2 for 464.5, 458.9 and 454.6 eV that the bonding structure was Ti-O, Ti-O and 
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Ti-N (residual reaction), respectively. For binding energy Ti2p at 30h showed T2p1/2, 
T2p1/2 and T2p3/2 which were 465.2, 462.8 and 459.5 eV. 

Binding energy of O1s at 18h was shown 532.7 and 530.7 eV for T-O (TiO2-x) 
which was oxygen deficiency, and at 24h was 532.3 and 530.4 eV which was Ti-O-N 
formation. Binding energy at 30h of O1s was 532.8, 531.1, and 529.8 eV for bonding 
structure was Ti-O, Ti-O and Ti-O-N, respectively, as shown Figure 4.22 (B) 

Binding energy of N1s could not be detected on XPS analysis. Limitation of XPS 
could not detect on surface that it could not analyze in depth. To solve the problem, 
Photo emission electrons (PES) was introduced to determine the nitrogen substitution 
analysis 
 

4.10 Nitrogen substitution analysis 
Photo emission electrons (PES) was employed to determine light weight 

element that the XAS could not be detected because the XAS had high energy which 
did not detect light weight element. The limitation XAS change to PES for detect light 
weight element at K edge. 
 Comparing with nitrogen N-K edge could determine nitrogen in lattice and 
indicated bond structure, N-K edge was sort of low to high (a) LTO, (b) FeCrLTO,  
(c) FeCrLTO(N)1350_24h, (d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1350_30h,  
(f) FeCrLTO(N)1250_18h, (g) FeCrLTO(N) 1250C 30h,  (h) FeCrLTO(N) 1350_18h,  
(i) FeCrLTO(N)1150C_24h, (j) FeCrLTO(N) 1150_30h and (k) FeCrLTO(N)1250_24h, as 
shown 4.23. 
 Some peaks of N-K edge did not show on pattern but it could employ derivative 
photon energy for clearly determination, as shown Figure 4.24.  
 Evaluation N1s by XPS of calcination temperature at 1150°C for 24h, and 30h 
could not be detected but PES analysis demonstrated that N-K edge determined 
nitrogen that the bonding structure was N-Ti-O and TI-(N-O), as shown Figure 4.23 (i) 
and (j). (Meng et al., 2012) 
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Figure 4.23 PES N-K edge (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1350_24h, 
(d) FeCrLTO(N)1150_18h, (e) FeCrLTO(N)1350_30h,  
(f) FeCrLTO(N)1250_18h, (g) FeCrLTO(N) 1250C 30h,  
(h) FeCrLTO(N) 1350_18h, (i) FeCrLTO(N)1150C_24h,  
(j) FeCrLTO(N) 1150_30h and (k) FeCrLTO(N)1250_24h 
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Figure 4.24 Derivative photon energy FeCrLTO(N)  (a) LTO, (b) FeCrLTO, 
(c) FeCrLTO(N)1350_24h, (d) FeCrLTO(N)1150_18h,  
(e) FeCrLTO(N)1350_30h, (f) FeCrLTO(N)1250_18h,  
(g) FeCrLTO(N)1250_30h, (h) FeCrLTO(N)1350_18h,  
(i) FeCrLTO(N) 1150_24h, (j) FeCrLTO(N)1150_30h and  
(k) FeCrLTO(N)1250_24h 
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Figure 4.25 (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N) 1150°C 18h,  

 (d) FeCrLTO(N)1150_ 24h and (e) FeCrLTO(N)1150_30h 
 

On XPS analysis, calcination temperature at 1150°C for 18, 24 and 30h exhibited 
broad peak but PES analysis was shown nitrogen at 24, and 30h as Figure 4.25 (d) and 
(e). the bonding structure was N-Ti-O and TI-(N-O) for 397.3 and 399.9 eV, respectively. 
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Figure 4.26 (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1250_18h,  
   (d) FeCrLTO(N)1250_24h and (e) FeCrLTO(N)1250_30h 

 

 On XPS analysis could detect only FeCrLTO(N)1250_24h for N1s at 397.09 (Ti-O-N), 
and PES analysis found that FeCrLTO(N)1250_24h had another peak at 399.9 eV for  
Ti-(N-O). Additionally, FeCrLTO(N)1250_18h and FeCrLTO(N)1250_30h determining by PES 
analysis exhibited nitrogen which was N-Ti-O and Ti-(N-O) at 397.1 and 399.7. 
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Figure 4.27 (a) LTO, (b) FeCrLTO, (c) FeCrLTO(N)1350_18h,  
   (d) FeCrLTO(N)1350_24h and (e) FeCrLTO(N)1350_30h. 

 

 To investigate on XPS for calcination temperature at 1350°C found that, the 
broad peak on N1s for 18, 24 and 30h, PES analysis could indicate N1s of 
FeCrLTO(N)1350_18h and FeCrLTO(N)1350_30h but did not find on FeCrLTO(N)1350_24h, 
as shown Figure 4.27(c)-(e). For FeCrLTO(N)1350_18h assigned 397.2 and 399.8eV which 
was N-Ti-O and Ti-(N-O), respectively, FeCrLTO(N)1350_30h assigned 399.9eV which was 
Ti-(N-O). 

For investigation, PES analysis of all sample were substitution due to the 
binding energy were not over 400eV. Binding energy was more than 400eV becoming 
nitrogen interstitial site in lattice that the binding energy was 399.5-399.9 and 397.0-
397.5eV which were N-Ti-O and Ti-(N-O), respectively, and it located substitutional site. 
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Figure 4.28 La L3-edge XANES spectra of synthesized photocatalysts and 
the magnification of the white line region (a). The 
unsmoothed k3-weighted of La L3-edge EXAFS of synthesized 
photocatalysts (b).  

 

XAS analysis was performed to investigate the electronic structure and local 
structure of synthesized La2Ti2O7 photocatalysts. The XANES spectra of La L3-edge of 
all samples were shown similar feature but different in terms of peak height (Figure 
4.28). The white line (5490.82 eV) observed in the La L3-edge spectra described the 
origin of electric transition of 2p3/2 electrons to the 5p or 5d state.  The strong and 
symmetrical white line indicated that was no deformation of the local structure. The 
EXAFS k2 weight spectra (Figure 4.28(b)) supported the XANES results, demonstrating a 
similar k2 weight patterns. The FeCrLTO1150_2h sample had the highest white line 
intensity (Figure 4.28 (b)), while the FeCrLTO1250_24h and FeCrLTO1150_24h had the 
lowest intensity. These findings imply that the co-doping of Fe and Cr in the La2Ti2O7 
structure in different temperature could impact the p-d hybridization by modifying the 
local electronic structure of the surrounding oxygen atoms and transition metal ions. 
Ti K-edge spectrum of all synthesized La2Ti2O7 photocatalysts show the similar 
spectrum feature. The absorption edge position (4981.91eV) remained unchanged, 
signifying that the valence state of Ti did not alter as a consequence of calcination 
process. The oxidation state of all samples is in the form of Ti4+. All samples shared 
the same white line position of 4985.37 eV attributing to the 1s to 3p (or 4p) states 
dipole transitions. The height of this peak was generally related to the unoccupied 
orbital. FeCrLTO1150_2h sample showed highest intensity, which means the highest 
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unoccupied p orbital, while FeCrLTO1250(N)_24h had the lowest intensity. This 
suggests that doping Fe and Cr into La2Ti2O7 at 1250°C in an N2 atmosphere may have 
perturbed the occupancy of the electron p orbital (Figure 4.29).  

 

 
 

Figure 4.29. Ti K-edge XANES spectra of synthesized photocatalysts (a) 
and the magnification of the white line region. The 
unsmoothed k3-weighted of Ti K-edge EXAFS of 
synthesized photocatalysts (b). 

 

The Ti K-edge EXAFS functions in the K space and R space of synthesized 
photocatalysts are mostly aligned at the same position, except FeCrLTO(N)1250_24h 
which showed peak shift in k2 weight space (Figure 4.29). These findings demonstrate 
a transformation of the local structures of Ti atoms in FeCrLa2Ti2O7 structure.  

Since the XRD patterns of the synthesized photocatalysts predominantly 
exhibited the La2Ti2O7 structure, this structure was employed for the EXAFS fitting. The 
EXAFS best-fit parameters of LTO samples to La2Ti2O7 were listed in Table 4.2.  
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Table 4.2 The EXAFS best-fit parameters of LTO samples.  

Fit parameter 
LTO1150 

2h 
FeCrLTO1150  

2 h 
FeCrLTO1150 

24 h 
FeCrLTO1250 

24 h 
R factor 0.00682 0.0080399 0.0080399 0.0081609 

SO2 0.873 0.873 0.873 0.814 
Delta E0 1.5534 0.978   0.978   2.032   

R (A) Ti-O1 N = 1 1.97097 1.98446 1.98861 2.02939 
 Ti-O2 N = 1 2.14025 2.15250 2.12481 1.98773 
 Ti-O3 N = 2 1.90673 1.90367 1.89527 1.94938 
 Ti-O4 N = 1 2.29333 2.33259 2.33259 2.29319 
 Ti-O5 N = 1 2.49690 2.53234 2.53304 2.47567 
 Ti-La1 N = 1 3.42331 3.43370 3.46541 3.35690 
 Ti-La2 N = 2 3.70544 3.53227 3.55604 3.73304 
 Ti-La3 N = 1 3.48902 3.64860 3.67860 3.54595 
 Ti-La4 N = 1 3.61854 3.43632 3.41716 3.36572 
 Ti-La5 N = 1 3.38770 3.30016 3.28831 3.10888 
 Ti-Fe N=0.372 - - - 2.66832 
 Ti-Cr N=0.744 - - - 2.63988 
2 Ti-O1 N - 1 0.00286 0.00286    0.00286    0.00200 

 Ti-O2 N = 1 0.00634 0.00634    0.00634    0.06340    
 Ti-O3 N = 2 0.00554    0.00554    0.00554    0.00554    
 Ti-O4 N = 1 0.00554    0.00554    0.00554    0.00554    
 Ti-O5 N = 1 0.00443    0.00211    0.00211    0.00780    
 Ti-La1 N = 1 0.00228    0.00027    0.00027    0.00340    
 Ti-La2 N = 2 0.00645    0.00690    0.00690    0.00137    
 Ti-La3 N = 1 0.00144    0.00645    0.00645    0.00399    
 Ti-La4 N = 1 0.00690    0.00144    0.00144    0.00183    
 Ti-La5 N = 1 0.00576    0.00690    0.00690    0.00003    
 Ti-Fe N=0.372 - - - 0.00555    
 Ti-Cr N=0.744 - - - 0.00842    

 

The nearest neighbour atom of Ti corresponded to the oxygen in Ti-O shells 
with 6 coordination. The Ti-La shells also contained 6 coordinated atoms.  
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Figure 4.30 Ti K-edge EXAFS of synthesized photocatalysts with fits taken 
from the La2Ti2O7 model. (a) LTO1150_2h, (b) FeCrLTO1150_2h, 
(c) FeCrLTO1150_24h, (d) FeCrLTO1250_24h. Upper graph is the 
k3-weighted EXAFS. Lower graph is the Fourier transforms of the 
EXAFS signals in R space. Phase shifts were not corrected. 

 

The R space (Figure 4.30) identified 3 peak positions: (Peak1) Ti-O (1-3) (~2Å), 
(Peak 2): Ti-O (4-5) (~2.3-2.5Å), (Peak 3) Ti-La (~3.3-3.7Å). It is noteworthy that, the 
intensity of Peak 2 in FeCrLTO1250_24h was higher than that of Peak 3, which differed 
from the other samples. Therefore, EXAFS fitting cloud not be wholly matched with 
La2Ti2O7 structure. The extra paths of Ti-Fe and Ti-Cr were introduced to La2Ti2O7 

structure for EXAFS fitting. The perfect fitting was exhibited in the Ti-Fe degeneracy of 
0.372 and Ti-Cr degeneracy of 0.744. The inter-atomic distance of Ti-Fe and Ti-Cr are 
2.67 Å and 2.64 Å, respectively.  

The evidence implied that, the substitutional of Fe and Cr atom was positioned 
adjacent to the Ti atom in La2Ti2O7 structure but not the La atom. In La2Ti2O7, the Ti 
atom acts as the photoactive center, absorbing photons and promoting electrons to 
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higher energy levels. The presence of substituted Fe and Cr atoms adjacent to the Ti 
atom could induce electron transfer from these metal atoms to the Ti atom, thus 
facilitating the separation of electron-hole pairs and improving the photocatalytic 
efficiency.  

The substituted doping of Cr and Fe in the La2Ti2O7 structure can affect the  
p-d hybridization between the oxygen 2p orbitals and the transition metal 3d orbitals, 
as indicated by the XANES results. The 3d orbitals of Cr and Fe have partially filled 
electrons that can interact with the 2p orbitals of the surrounding oxygen atoms, 
leading to hybridization between these orbitals. This interaction can be changed in the 
electronic structure of the nearby oxygen atoms and Ti ions, ultimately affecting the 
p-d hybridization. Therefore, substituted doping of Cr and Fe in the La2Ti2O7 structure 
can lead to changes in their optical and photocatalytic properties. These changes 
reduce the band gap of the photocatalysts, causing their absorption spectrum to shift 
and ultimately improve their photocatalytic performance. Extensive research has been 
conducted on the use of orbital hybridization to regulate the electronic structures and 
surface chemisorption properties of transition metals in order to enhance the 
performance of catalysts (Chen, H., et al, 2022). 

Moreover, calcination under a N2 atmosphere can be used to control the 
oxygen content of the material and to prevent oxidation or reduction reactions that 
could alter the electronic properties of (Fe,Cr) co-doping La2Ti2O7.  

The (Fe, Cr) La2Ti2O7 (N) mechanism, as shown Figure 4.31.  

 

 

 

 

 

 

 

 

 

Figure 4.31 (Fe,Cr) La2Ti2O7 (N) mechanism of photocatalyst 
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The Fe and Cr co-doping are effect to band gap energy and lead to formation 
of oxygen vacancy and Ti3+ defects because Fe and Cr built the new band energy 
below conduction band or incorporated with conduction band. The Cr6+ formation 
could effect to charge balance due to Cr releasing electron more than Ti to La2Ti2O7 
as electron donor. For Fe and others Cr atoms less releasing electrons than Ti become 
electron acceptor. If the electrons on the donor levels passivate to the same extent 
as the holes on the acceptor levels, charge-compensated n-p doping pairs were 
forming. The Fe and Cr were substituted on Ti site. The red-shift of the optical 
absorption edge could be ascribed to a d-d transition 4A2-4T2 in Fe or Cr. Obviously, Fe 
and Cr ions co-doping had induced a series of impurity states (Fe3d and Cr 3d orbital) 
in the forbidden gap of La2Ti2O7. The electrons of Fe 3d4s and Cr 3d4s were easily 
excited from the valence band (VB) to the conduction band (CB) over La2Ti2O7 under 
the visible-light irradiation. Doping La2Ti2O7 with N produced isolated N2p states and 
shifted the VB edge upward to narrow the band gap. 
 

 

 

 

 



 
 

CHAPTER V 
CONCLUSION AND RECOMMENDATION

 
5.1 Conclusion 

The La2Ti2O7 perovskite structure is a member of the oxides with a general 
formula of A2B2O7 which possesses a layered perovskite structure. These layered 
perovskite materials have unique electronic structure in which either A or B atom has 
a cation valency greater than +1 (highly donor-doped) The separation of the electrons 
and holes is more efficient in the highly donor-doped (110) layered perovskite La2Ti2O7 
than in other semiconductors. Therefore, photocatalysts based on La2Ti2O7 have been 
widely studied for water splitting to generate H2 and O2 and is a stable form when 
using organic pollutant degradation in several times. The sol-gel method is appropriate 
preparation for La2Ti2O7-based photocatalysts that can be activated by visible light, 
the optimal approach with co-doping of Fe and Cr at the concentration of 0.005 molar 
percent corresponding to Ti atom. The calcination process was carried out under an 
N2 atmosphere to control the oxygen concentration of the material and prevent the 
oxidation and reduction reactions that could modify the electronic characteristics of 
the (Fe,Cr) co-doped La2Ti2O7. The calcining temperature of 1250°C for 24h was 
provided the best photocatalytic efficiency. Fe and Cr was found to be substituted 
into the lattice sites of the photocatalysts. The Fe and Cr substitution leads to the 
transfer of electrons from Fe and Cr metal atoms to the Ti atom, thus facilitating the 
separation of electron-hole pairs and improving the photocatalytic efficiency. 
Additionally, Fe and Cr alter the p-d hybridization within the La2Ti2O7 lattice, resulting 
in a reduction of the band gap and the absorption of lower energy. Especially, the 
strong effect of photocatalytic activity was nitrogen doping that the XPS confirmed the 
bonding structure which was Ti-O-N and Ti-N exhibiting XPS and PES analysis. The 
nitrogen atoms was substitution by took place oxygen site sharing corner TiO6 in 
octahedral site. The photocatalytic activity was obtained high efficiency corresponding 
to nitrogen with a narrow band gap caused by mixing N 2p states with O 2p states and 
extended the optical absorption, thereby resulting in the generation of more electrons 
and holes. 
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5.2 Recommendation 
 The La2Ti2O7 synthesis was used sol-gel process which obtained high purity and 
nano-crystalline. The sol-gel process was uncomplicated doping process and could 
use various dopant in sol-gel system. For nitrogen gas was used anion doping as 
nitrogen doping, nitrogen doping with nitrogen gas completed that was difficult to 
assign nitrogen in lattice and could not determine nitrogen quantity in La2Ti2O7 lattice. 
Nitrogen doping had to use high pressure which was benefit synthesis. More metal 
dopants as tri-dopants should be consider to obtain high photocatalytic activity.  
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APPENDIX A 
EDS spectroscopy and Xray Map composition analysis 
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Figure A1 FE-SEM using EDS technique of FeCrLTO(N) at 1150°C for 24h  
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Figure A2 X-ray map composition of FeCrLTO(N) at 1150°C for 24h  
 

Table A1 elemental composition of FeCrLTO1150(N)_24h 

Sample 
Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1150(N)_24h 17.84 14.02 53.86 1.71 12.57 
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Figure A3 FE-SEM using EDS technique of FeCrLTO(N) at 1150°C for 30h  
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Figure A4 X-ray map composition of FeCrLTO(N) at 1150°C for 30h  

 

 

 

Figure A4 X-ray map composition of FeCrLTO(N) at 1150°C for 30h  
 

Table A2 elemental composition of FeCrLTO1150(N)_30h 

Sample 
Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1150(N)_30h 22.77 12.77 48.82 1.74 13.90 
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Figure A5 FE-SEM using EDS technique of FeCrLTO(N) at 1250°C for 18h  
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Figure A6 X-ray map composition of FeCrLTO(N) at 1250°C for 18h  
 

Table A3 elemental composition of FeCrLTO1250(N)_18h 

Sample 
Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1250(N)_18h 19.58 14.64 54.56 1.73 9.49 
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Figure A7 FE-SEM using EDS technique of FeCrLTO(N) at 1250°C for 24h  
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Figure A8 X-ray map composition of FeCrLTO(N) at 1250°C for 24h 
 

Table A4 elemental composition of FeCrLTO1250(N)_24h 

Sample 
Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1250(N)_24h 26.61 12.06 46.11 2.01 13.22 
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Figure A9 FE-SEM using EDS technique of FeCrLTO(N) at 1250°C for 30h 
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Figure A10 X-ray map composition of FeCrLTO(N) at 1250°C for 30h 
 

Table A5 elemental composition of FeCrLTO1250(N)_30h 

Sample Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1250(N)_30h 23.43 11.44 45.99 1.63 17.21 
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Figure A11 FE-SEM using EDS technique of FeCrLTO(N) at 1350°C for 18h 
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Figure A12 X-ray map composition of FeCrLTO(N) at 1350°C for 18h 
 

Table A6 elemental composition of FeCrLTO1350(N)_18h 

Sample Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1350(N)_30h 22.65 12.72 48.19 0.91 15.53 
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Figure A13 FE-SEM using EDS technique of FeCrLTO(N) at 1350°C for 30h 
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Figure A14 X-ray map composition of FeCrLTO(N) at 1350°C for 24h 
 

Table A7 elemental composition of FeCrLTO1350(N)_24h 

Sample Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1350(N)_24h 26.25 11.08 43.53 1.01 18.13 
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Figure 4.15 FE-SEM using EDS technique of FeCrLTO(N) at 1250°C for 30h 
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Figure A16 X-ray map composition of FeCrLTO(N) at 1350°C for 30h 

 
Table A8 elemental composition of FeCrLTO1350(N)_30h 

Sample Elemental composition (% mass relative) 

O Ti La Fe Cr 

FeCrLTO1350(N)_30h 24.03 12.31 47.80 1.30 14.56 
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Figure B1 XPS N1s analysis of calcination temperature at 1150 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B2 XPS O1s analysis of calcination temperature at 1150 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B3 XPS Ti2p analysis of calcination temperature at 1150 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B4 XPS N1s analysis of calcination temperature at 1250 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B5 XPS O1s analysis of calcination temperature at 1250 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B7 XPS Ti2p analysis of calcination temperature at 1250 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B8 XPS N1s analysis of calcination temperature at 1350 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B9 XPS O1s analysis of calcination temperature at 1350 °C (a) 18h, (b) 24h and (c) 30h 
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Figure B10 XPS Ti2p analysis of calcination temperature at 1350 °C (a) 18h, (b) 24h and (c) 30h 
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