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Abstract 

Photoelectrocatalytic and photocatalytic reactions are gaining momentum as a clean method 

to generate sustainable fuels such as H2. The Ph.D. study focuses on the identification of 

suitable d- and p-block dopants and the suitability of doping to enhance the catalytic activity 

of photochemically stable SrTiO3. In this work, the effect of doping Ga3+, La3+-Ga3+, Cr3+, 

La3+-Cr3+, and Cs1+-Cr3+ on the properties of SrTiO3 has been extensively studied.  

Chapter 1 introduces the state-of-the-art research associated with this field and outlines the 

motivations and aims of the Ph.D. work. Chapter 2 summarizes the synthesis method, and the 

characterization techniques employed to study the catalysts.  

Chapter 3 studies a series of high-temperature synthesized Ga3+ doped and La3+ co-doped 

SrTiO3 samples. Accidental exsolutions and anomalous absorption features were observed in 

some samples. In addition to extrinsic defects, the role of intrinsic defects such as oxygen 

vacancies in the photoelectrocatalytic performance was investigated. 

Chapter 4 studies the Ga3+ doped SrTiO3 synthesized at lower temperatures and how these 

samples differ in properties from those studied in Chapter 3. This chapter highlights the role 

of intrinsic material properties like electron affinity and ionization potential and defects such 

as oxygen vacancies.  

Chapter 5 investigates the effect of doping SrTiO3 with Cr in its B-site. Cr mono-doping was 

found to have formed the Cr6+ (d0 configuration) trap states alongside the Cr3+ states. The bulk 

of this chapter investigates the effect of the Cr3+/Cr6+ ratio on the material properties and their 

photoelectrocatalytic performances.  

Chapter 6 details the introduction of an additional N2 annealing step in the standard synthesis 

route to study its effect on crystallite sizes. Preliminary gas phase photocatalytic CO2 

hydrogenation with the standard sol-gel Pechini synthesized samples showed an increasing 

trend in CO evolution and a new method to quantify photocatalytic data has been reported. 

 

 



iii 
 

 

 

 

 

 

 

 

 

                                                             For Ma and Deuta 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

 

Acknowledgments 

 

It is a great honor for me to write the following few lines acknowledging the help and support 

I received to bring my project to this stage. 

I wish to express my sincerest gratitude to my Supervisor, Dr. Ludmilla Steier, for giving me the 

wonderful opportunity to work on my Ph.D. Thesis at Imperial College London. I have always 

been in awe of her brilliance and amazing scientific acumen. Indeed, she is an inspiration for 

all women who want a career in STEM! Her brilliant insight, wisdom, and guidance were of 

utmost value in steering the course of the Ph.D. Thesis. An exceptional gratitude goes out to 

Prof. Martyn McLachlan for his excellent counsel and valuable input to my work.  

A very special mention to Mr. Ben Bowers, Dr. Florianna Morruzzi, Ms. Baliana Shani, Dr. 

Arnau Bertran, and the entire Steier Group at the University of Oxford for their unfailing 

support and encouragement. Thank you for helping with chemistry and making my transition 

from mechanical engineering a whole lot easier. What awesome people to work with! 

I would like to extend my sincere gratitude to Dr. Andrei Berenov, Dr. Manjula Silva, and Dr. 

Gwilherm Kerherve, Imperial College London for their valuable guidance and insight. 

I would like to take this opportunity to thank my parents, my forever cheerleaders, and without 

whom none of this would have been possible.! To Rimi and Rumon Da for their love and support 

whenever I needed it! To my little Rimonu, the source of happiness for the entire family. And 

lastly, the most important person in my life, my husband Dr. Angshuman Kapil. Thank you for 

teaching me the true meaning of companionship. You are everything I need! 

 

 

 

 

 

 

 



iv 
 

Table of Contents 

 Abstract………………………………………………………………………………………………. ii 

Acknowledgments.................................................................................................................................. iv 

Chapter 1: Introduction ....................................................................................................................... 1 

1.1 Motivation and Literature Review ................................................................................................ 1 

1.2 Semiconductor Physics: A Case Study of SrTiO3 ......................................................................... 6 

1.2.1 Structural Properties ............................................................................................................... 6 

1.2.2 Opto-electronic Properties ..................................................................................................... 8 

1.3 Performance Assessment of SrTiO3 .............................................................................................. 9 

1.3.1 Photocatalysis ...................................................................................................................... 10 

1.3.2 Photoelectrochemistry (PEC) ............................................................................................... 14 

1.4 The Role of Defects in SrTiO3 .................................................................................................... 15 

1.4.1 Understanding the Site and the Charge of Point Defects with the Kröger Vink Notation ... 17 

1.5 Incorporating the Dopants: How Does the Synthesis Route Affect the Final Products? ............ 18 

1.6 Aim of the Ph.D. Thesis .............................................................................................................. 21 

Reference ......................................................................................................................................... 21 

Chapter 2: Methods ............................................................................................................................ 33 

2.1 Catalyst Preparation .................................................................................................................... 33 

2.1.2 Synthesis of undoped and doped SrTiO3 .............................................................................. 34 

2.2 Microstructural Characterization ................................................................................................ 37 

2.2.1 Powder X-ray Diffraction (XRD) ........................................................................................ 37 

2.2.2 Transmission Electron Microscope (TEM) .......................................................................... 44 

2.3 Optical Measurements ................................................................................................................ 47 

2.3.1 UV Vis Spectrophotometer .................................................................................................. 47 

2.3.2 Photoluminescence (PL) Spectroscopy ................................................................................ 49 

2.3.3 Time-Correlated Single Photon Counting (TCSPC) ............................................................ 50 

2.4 Electronic Measurements ............................................................................................................ 52 

2.4.1 X-ray Photoelectron Spectroscopy (XPS) ............................................................................ 52 

2.4.2 Kelvin Probe ........................................................................................................................ 54 

2.4.3 Electron Paramagnetic Resonance (EPR) ............................................................................ 55 

2.5 Performance Tests ....................................................................................................................... 56 

2.5.1 Photoelectrochemical (PEC) Measurements ........................................................................ 56 

2.5.2 Photocatalytic Set-up ............................................................................................................... 57 

2.5.3 Atomic Layer Deposition (ALD) ......................................................................................... 58 

2.5.4 F20 Interferometer ............................................................................................................... 59 

2.5.5 Brunauer-Emmett-Teller (BET) Analysis ............................................................................ 60 

References ........................................................................................................................................ 60 



v 
 

Chapter 3: Absorption Features, Accidental Exsolution, and Suppression of Ti3+ Defects 

Enhanced Photoelectrochemical Performance in La3+, Ga3+ co-doped SrTiO3 ............................. 65 

3.1 Introduction ................................................................................................................................. 65 

3.2 Experimental Method: Solution Combustion Synthesis/Sol-Gel Pechini Route for the Synthesis 

of La,  Ga co-doped SrTiO3 .............................................................................................................. 66 

3.3 Results and Discussion ............................................................................................................... 67 

3.3.1 Microstructural Analysis ...................................................................................................... 67 

3.3.2 Elemental Analysis with the XPS ........................................................................................ 83 

3.3.3 Understanding the Role of Defects on the Optoelectronic Properties ................................. 91 

3.3.4 Performance Evaluation: Photoelectrochemical (PEC) Measurements ............................. 111 

3.4 Conclusion ................................................................................................................................ 115 

References ...................................................................................................................................... 115 

Appendix ........................................................................................................................................ 124 

Chapter 4: Enhancements to Sol-Gel Pechini Process- Impact of Annealing Temperatures on 

Material Properties of Ga3+ doped SrTiO3 ...................................................................................... 125 

4.1 Introduction ............................................................................................................................... 125 

4.2 Results and Discussion ............................................................................................................. 129 

4.2.1 Sol-gel Pechini ................................................................................................................... 129 

4.2.2 Synthesis of Phase Pure Materials at 500 °C ..................................................................... 130 

4.2.3 Goldschmidt’s Tolerance Factor Consideration in the Structural Stability ........................ 131 

4.2.4 XRD Analysis .................................................................................................................... 132 

4.3 Influence of Temperature on the Microstructural Properties .................................................... 132 

4.3.1 Influence of Temperature on Relative Crystallinity ........................................................... 133 

4.3.2 Influence of Temperature on the Coherently Scattering Domain Size ............................... 134 

4.3.3 Influence of Temperature on the Microstrain ..................................................................... 136 

4.3.4 Influence of Temperature on the Lattice Parameters and Lattice Volume ......................... 138 

4.3.5 Effect of the Microstructure on the Time-Correlated Single Photon Counting (TCSPC) 

Measured Lifetimes .................................................................................................................... 141 

4.4 Influence of Temperature on the Opto-electronic  Properties of the Samples .......................... 144 

4.4.1 Influence of Annealing Temperature on Bandgaps ............................................................ 145 

4.4.2 Influence of Temperature on the Fermi Level (EF) and Valence Band Maxima (VBM) 

Separation ................................................................................................................................... 147 

4.4.3 Work Function .................................................................................................................... 149 

4.4.4 Correlation between the Electronic Structure and the Microstructure Changes Induced by 

Temperature Variation via the Formation of Oxygen Vacancies ................................................. 151 

4.4.5 Influence of Temperature on Electron Affinity, Ionization Potential, and Charge Carrier 

Mobility....................................................................................................................................... 153 

4.5 Elemental Analysis .................................................................................................................... 159 

4.5.1 XPS .................................................................................................................................... 159 



vi 
 

4.5.2 Doping and the Time-Temperature-Solubility Factor ........................................................ 166 

4.5.3 Effect of Temperature on the Surface Composition of the Samples .................................. 167 

4.6 Performance Assessment........................................................................................................... 167 

4.6.1 Photoluminescence (PL) Analysis ..................................................................................... 168 

4.6.2 Photoelectrochemical Performance of the Doped Samples ............................................... 172 

4.7 Conclusion ................................................................................................................................ 174 

References ...................................................................................................................................... 175 

Appendix ........................................................................................................................................ 182 

Chapter 5: Investigating the Role of the Cr3+/Cr6+ in Determining the Photoactivity in Cr-(co-) 

doped SrTiO3 ..................................................................................................................................... 185 

5.1 Introduction ............................................................................................................................... 185 

5.2 Experimental ............................................................................................................................. 186 

5.3 Goldschmidt’s Tolerance Factor Consideration in the Structural Stability of the Samples ...... 187 

5.4 Microstructural Analysis with the XRD .................................................................................... 188 

5.5 Elemental Analysis with X-ray Photoemission Spectroscopy (XPS) and Site of Substitution of 

the Dopants with EPR ..................................................................................................................... 196 

5.5.1 XPS Analysis ......................................................................................................................... 196 

5.5.2 Site of Cr3+ doping: EPR Studies ....................................................................................... 220 

5.6 Opto-Electronic Analysis .......................................................................................................... 224 

5.6.1 Diffuse Reflectance Spectroscopy (DRS) Analysis ........................................................... 224 

5.6.2 Valence Band Analysis ....................................................................................................... 234 

5.6.3 Work Function .................................................................................................................... 239 

5.6.4 Band Edge Energy Diagrams  from the Work Function, the Band Gap, and the Valence 

Band Analysis ............................................................................................................................. 243 

5.6.5 Band Edge Alignment  for Water Redox Potential............................................................. 246 

5.6.6 Time Co-related Single Photon Counting (TCSPC) .......................................................... 248 

5.6.7 Room Temperature Steady State Photoluminescence Analysis (PL) ................................. 251 

5.7 Performance Assessments ......................................................................................................... 254 

5.7.1 Photoelectrochemical Measurements ................................................................................. 254 

5.8 Conclusion ................................................................................................................................ 257 

References ...................................................................................................................................... 258 

Appendix ........................................................................................................................................ 262 

Chapter 6: A New Method to Quantify Photocatalysis Data and the Effect of an Intermediate N2 

annealing Before Calcination on the Crystallite Sizes ................................................................... 263 

6.1 Introduction ............................................................................................................................... 263 

6.3 Results and Discussion ............................................................................................................. 264 

6.3.1 Preliminary Photocatalytic CO2 Hydrogenation Results ................................................... 264 

6.4 Conclusion and Future Work .................................................................................................... 274 



vii 
 

References ...................................................................................................................................... 275 

Appendix ........................................................................................................................................ 276 

Chapter 7: Conclusion and Future Work ....................................................................................... 283 

7.1 Conclusion ................................................................................................................................ 283 

     7.2 Future Work………………………………………………………………………………..….285 

Copyright Permissions…………………………………………………………………………….…287 

 

     

 

 

 

 

 

 



v 
 

List Of Figures 

Chapter 1 

Figure 1.1: CO2 levels and global annual average temperature from 1850 to the present with the black 

line indicating the rise in CO2 levels, the red bars indicating temperatures above the average, and the 

blue bars indicating temperatures below the average [5]. .............................................................. 1 
Figure 1.2: A technology readiness level (TRL) based projection of budget allocated to PEC and PC 

research projects in the European Union as reported in Galushchinskiy, A.  et al.  [15]. The TRL 

system is used to measure the maturity of a project on a scale of 1-9 [16]. ...................................... 2 

Figure 1.3: The approaches to solar fuel generation. (a) Photocatalysis setup (PC) (b) Photo(electro-

)chemistry setup (PEC) and (c) PV-EC setup[69]. ........................................................................ 6 
Figure 1.4: Cubic structure of ABO3 perovskite SrTiO3 with Ti4+ (yellow) in the center, Sr2+ (dark 

blue) in the corners and O2- (light blue) forming the octahedron with Ti4+ [71]. ................................ 7 
Figure 1.5: A schematic of a weak field JTE in d1 configuration Ti3+ in SrTiO3 with the split energy 

levels t2g and eg. Both energy levels are separated by 10 Dq. ......................................................... 8 
Figure 1.6: The maximum achievable photocurrent of SrTiO3 is close to the anatase TiO2 at 1.1 

mA/cm2 correlating the solar to hydrogen conversion efficiency (STH) [86]. .................................. 9 
Figure 1.7: The 6-gear concept depicting the parameters of photocatalysis, and the time scale required 

to accomplish the associated processes as adopted from the work of Takanabe, K. [101]. ............... 11 
Figure 1.8: Schematic showing the Gibb’s energy change for an uphill photocatalytic water splitting 

reaction [106]. ....................................................................................................................... 12 
Figure 1.9: Band bending at semiconductor electrolyte junction. (a) n-type semiconductor electrode 

with a double layer structure. The electrode is in contact with the electrolyte. (b) Energy diagram of n- 

and p-type semiconductors [110], [112], [113]. .......................................................................... 15 
Figure 1.10: Schematic of types of dislocations. (a) Edge dislocations (b) Screw dislocations [119]. 16 
 

Chapter 2 

 

Figure 2.1: Coarsely ground polyester with a hard glass-like texture after heating the gel to 

197  °C before further calcination. ........................................................................................... 34 

Figure 2.2:  A Schematic Diagram of Bragg’s Diffraction. .................................................... 37 

Figure 2.3:  A PANanalytical X’pert MPD XRD housing a goniometer that drives an optical 

path equipped with an X-ray tube with Cu Kα source, a sample holder, and a detector. ........ 38 

Figure 2.4:  Sample flattened and loaded on a sample holder before inserting into the 

diffractometer. .......................................................................................................................... 39 

Figure 2.5:  A TEM micro-graph showing a crystallite adjoined to another crystallite with 

different orientations separated by a grain boundary highlighted in the white rectangle of a Ga3+ 

doped SrTiO3 sample. .............................................................................................................. 40 

Figure 2.6:  W-H analysis with the XRD pattern of sample SrTi(0.96)Ga(0.04)O3 (a) Lorentzian 

fitting of peak (110) (b) Voigt fitting of peak (110) (c) Linear fitting of 4sinθ and ßcosθ with 

Pearson’s r =0.93. ..................................................................................................................... 42 

Figure 2.7:  (a) TEM image of 4 mol% Ga3+ doped SrTiO3 nanoparticles (b) Size distribution 

calculated from the TEM distribution. ..................................................................................... 43 

Figure 2.8:  PANanalytical Empyrean high-temperature XRD. ............................................. 44 

Figure 2.9:  Principle parts of a TEM housing [17]. ............................................................... 45 

Figure 2.10: Samples for TEM analysis dispersed on holey carbon film with Cu grid[18]. .. 46 



vi 
 

Figure 2.11: TEM analysis on the SrTi(0.96)Ga(0.04)O3 (N2) to analyze the lattice spacings, the 

nature of the materials, EDX, and the diffraction pattern. ....................................................... 47 

Figure 2.12:  (a.) A Shimadzu UV-2600 instrument for UV vis measurements (b.) An 

integrating sphere. .................................................................................................................... 48 

Figure 2.13:  Difference between (a) direct and (b) indirect bandgaps with respect to the crystal 

momentum [24]. ....................................................................................................................... 49 

Figure 2.14: (a) Fluorolog-2 Spectrofluorometer (Horiba Jobin Yvon) (b) Cary Eclipse 

(Agilent Technologies. ............................................................................................................. 50 

Figure 2.15:  A HORIBA DeltaFlex TCSPC setup was used in the Ph.D. study to measure the 

lifetimes of the synthesized photocatalysts. ............................................................................. 51 

Figure 2.16:  Schematic of the working parts of the XPS [28]. .............................................. 52 

Figure 2.17: XPS sample preparation for (a) Elemental and valence band analysis (b) Work 

function analysis. ..................................................................................................................... 53 

Figure 2.18:   (a) Principle of the Kelvin Probe setup [41] (b) Sample preparation by doctor-

blading samples on FTO glass. ................................................................................................ 54 

Figure 2.19: The cross-section of a H-cell used in photoelectrochemical measurements[43].

.................................................................................................................................................. 56 

Figure 2.20:  The photocatalytic set-up used for the CO2 hydrogenation studies from Prof. Ian 

McCulloch's group. .................................................................................................................. 57 

Figure 2.21:  The valves set-up in the ALD, MSRH, Imperial College London. ................... 58 

Figure 2.22:  Growth per cycle (GPC) measurements of thin films using F20 Interferometer.

.................................................................................................................................................. 59 

 

Chapter 3 

Figure 3.1:  900 °C sol-gel Pechini synthesized La3+ co-doped samples (0.5 mol% - 10 mol%).

.................................................................................................................................................. 67 

Figure 3.2: Comparison of the XRD patterns of 20, 30, and 40 mol% Ga3+ doped SrTiO3 which 

demonstrated secondary phases indicated by *. The motivation to synthesize these batches was 

to understand the limit of Ga3+ doping .................................................................................... 68 

Figure 3.3:  XRD patterns of (a) Ga3+ (b) La3+, Ga3+ doped SrTiO3 samples with peaks indexed 

according to SrTiO3 ICSD file.  The diffraction patterns were collected between 20° to 80° 2θ 

values with step size 0.0167113 ° and 24.765 sec per step. ..................................................... 69 

Figure 3.4:  Lattice volume and relative crystallinity comparison of a.) Ga3+ doped b.) La3+ co-

doped SrTiO3 samples in oxygen-poor annealing conditions. The monodoped samples with 

shifts to higher angles show a decrease in lattice volumes. The lattice volume increased in the  

2 mol% co-doped sample and decreased in the 4 mol% co-doped sample. All the doped samples 

show lower relative crystallinity compared to the undoped. ................................................... 73 

Figure 3.5: Dislocations present in (100) plane of 4 mol% La3+ co-doped samples as observed 

via TEM analysis. .................................................................................................................... 75 

Figure 3.6:  (a.) Coalesced nanoparticles due to high-temperature synthesis (b.) Diffraction 

pattern demonstrating the polycrystalline nature of the region imaged (Sample: 4 mol% La3+ 

co-doped SrTiO3). .................................................................................................................... 77 



vii 
 

Figure 3.7:  Appearance of grain boundaries due to high-temperature synthesis with differently 

oriented crystallites (Sample: 4 mol% La3+ co-doped SrTiO3). ............................................... 78 

Figure 3.8: Exsolution of  nanoparticles  in (a, b) Literature comparisons of exsolved NPs to 

the materials studied in the Ph.D. work [63],[64] (c) 2 mol% (d) 4 mol% La3+ co-doped SrTiO3 

(e, f) Exsolved particle in 2 mol% La3+ co-doped SrTiO3 and the live FFT image of the exsolved 

particle confirming its crystalline nature (g) Exsolved particles in 4 mol% La3+ co-doped 

SrTiO3. ..................................................................................................................................... 81 

Figure 3.9: (a) Exsolution of NPs near a grain boundary in 4 mol% La3+ co-doped sample (c, 

d) Literature comparisons of exsolved NPs to the materials studied in the Ph.D. work. ........ 81 

Figure 3.10:  XRD pattern in log intensity scale of the (a) Undoped (b) 0.5 mol% (c) 1 mol% 

(d) 2 mol% (e) 4 mol% and (f) 10 mol% La3+ co-doped SrTiO3 samples. The 2 mol% and 4 

mol% La3+ co-doped samples show phase segregation.. ......................................................... 82 

Figure 3.11: Deconvoluted and charge corrected Sr3d Peaks of Undoped SrTiO3 at 132.77 eV 

and 134.49 eV with trace amount of SrCO3.The green doublet refers to the presence of SrCO3 

confirmed from the 1:1 ratio of the SrCO3 Sr3d5/2 and the C1s -C=O. ................................... 83 

Figure 3.12: Deconvoluted and charge corrected Sr3d Peak of (a) 2 mol% Ga3+ (b) 4 mol% 

Ga3+ (c) 2 mol% La3+ and (d) 4 mol% La3+ co-doped SrTiO3. The 4 mol% co-doped sample 

shows the highest SrCO3 concentration. .................................................................................. 84 

Figure 3.13:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 464.08 eV. The blue peak 

indicates the presence of Ti3+ defects. ...................................................................................... 86 

Figure 3.14: The XPS Ti2p1/2 peaks of (a) 2 mol% Ga3+ (b) 4 mol% Ga3+ (c) 2 mol% La3+ and 

(d) 4 mol% La3+ co-doped SrTiO3. Ti3+ decreases upon doping with the co-doped samples 

showing lowest the concentration. ........................................................................................... 86 

Figure 3.15: XP spectrum of undoped O1s peak with the main component at 529.48 eV. 

Deconvolution shows the presence of -C=O, -OH and C-O-C. ............................................... 87 

Figure 3.16: Deconvoluted and charge corrected O1s peak of (a) 2 mol% Ga3+ (b) 4 mol% 

Ga3+ (c) 2 mol% La3+ and (d) 4 mol% La3+ co-doped SrTiO3. The 4 mol% co-doped samples 

show significantly higher  -C=O groups and an increase in -OH groups can be observed in all 

the doped samples. ................................................................................................................... 88 

Figure 3.17: (a) The XP spectrum of La3d peak with the main component of d5/2 peak at 833.89 

eV and the main component of d3/2 at 850.87 eV (b, c) La3+ and Ga3+ incorporation confirmation 

with EDX in the 4 mol% co-doped sample. The EDX pattern with lower Ti4+ could indicate Ti 

vacancies. ................................................................................................................................. 89 

Figure 3.18: The XP spectrum of Ga2p3/2 and Ga2p1/2 of the doped samples showed peaks 

around  1117.77 eV and 1149.69 eV respectively which matches closely with both Ga2O3 and 

metallic Ga. .............................................................................................................................. 90 

Figure 3.19: Indirect bandgap (3.17 eV) and reflectance spectrum of undoped SrTiO3. No 

absorption features were observed for this sample. ................................................................. 92 

Figure 3. 21:  Indirect Band gap and reflectance spectrum of 2 mol% (a.) Ga3+ (3.19 eV) and 

(b.) La3+, Ga3+ (3.21 eV) co-doped SrTiO3. Both samples show a slight increase in the band 

gap compared to the undoped sample. The co-doped sample shows an absorption feature 

around 515 nm (2.25 eV) region. ............................................................................................. 93 

Figure 3.21:  Indirect Band gap and reflectance spectrum of 4  mol% (a.) Ga3+ (3.19 eV) and 

(b.) La3+, Ga3+ (3.23 eV) co-doped SrTiO3. Both samples show similar band gaps as the 2 mol% 



viii 
 

co-doped sample. The 4 mol% co-doped sample also shows an absorption feature around 515 

nm (2.25 eV) region. ................................................................................................................ 93 

Figure 3.22: Comparison of reflectance spectrum of (a) Ga3+ (b) La3+ and (c) Comparison of 

La3+, Ga3+ co-doped SrTiO3 samples with the undoped SrTiO3. The 2 mol% and the 4 mol% 

co-doped samples differ from all the samples in exhibiting absorption features at 515 nm. .. 94 

Figure 3.23: (a.), (b.) Absorption spectrum highlight the absorption feature that is present in 

the co-doped samples and the extension of the absorption into the NIR region. These features 

are absent in the undoped and the monodoped samples.(c.), (d.) Blue shifted absorption 

wavelengths of the Ga3+ and La3+, Ga3+ doped samples. ......................................................... 96 

Figure 3.24: The PL spectrum of  (a.) Ga3+ (b.) La3+ doped SrTiO3 samples were compared 

with undoped SrTiO3, with the main PL peaks represented by the dotted lines. The 2 mol% (co-

) doped samples show higher PL in both cases. In 3.25 (b), the line with the * represents the 

deconvoluted peak present only in the undoped sample. ......................................................... 97 

Figure 3.25:  (a.), (c.), (e.), (g.), (i) Direct and (b.),(d.), (f.),(h.), (j.) Indirect band gaps of the 

samples. In this study, the nature of bandgaps has been determined from the PL with higher 

intensity indicating more efficient radiative recombinations. ................................................ 100 

Figure 3.26: Average room temperature TCSPC lifetimes of (a) Ga3+ (b) La3+, Ga3+ doped 

SrTiO3 samples (c), (d) shows the plots with the time in log scale to highlight the lifetime 

change in the samples. The 4 mol% co-doped sample shows the highest lifetime. .............. 101 

Figure 3.27: VBM-EF separation of undoped SrTiO3 at 2.21 eV. The counts/sec on the Y-axis 

are measured in arbitrary units, a.u. ....................................................................................... 102 

Figure 3.28: VBM-Fermi level separation of (a) 2 mol% Ga3+ (b) 2 mol% La3+, Ga3+ (c) 4 

mol% Ga3+ (d) 2 mol% La3+, Ga3+ doped SrTiO3. The monodoped samples show a higher EF-

VBM separation whereas on co-doping the separation decreases indicating a decrease in n-type 

nature. The counts/sec on the Y-axis are measured in arbitrary units, (a.u.). ......................... 103 

Figure 3.29:  Measurement of the ϕ of undoped SrTiO3 from the Ecut-off from the XPS. The y-

axis is measured in counts/sec with arbitrary units (a.u.). ..................................................... 105 

Figure 3.30: Measurement of the work function of (a.) 2 mol% Ga3+ (b.) 4 mol% La3+ (c.) 4 

mol% Ga3+ and (d.) 4 mol% La3+ doped  SrTiO3 showing an increase in the work function in 

most samples except the  4 mol% Ga3+ monodoped sample. ................................................ 106 

Figure 3.31:  Band edge energy diagrams of (a) 2 mol% Ga3+ (b) Undoped and (c) 2 mol% 

La3+,Ga3+ doped SrTiO3. ........................................................................................................ 107 

Figure 3.32: Band edge energy diagrams of (a) 4 mol% Ga3+ (b) Undoped and (c) 4 mol% 

La3+,Ga3+ doped SrTiO3. ........................................................................................................ 108 

Figure 3.33: Effect of doping on the (a) -OH species and (b) Ti3+ defects as measured with the 

XPS. The decrease in Ti3+ defects aligns with the higher PL intensities in the doped samples 

which demonstrated a decrease in non-radiative recombination pathways. .......................... 108 

Figure 3.34: La3+ co-doped samples demonstrating higher lifetimes with lower EA and IP. This 

could be due to lower trapping due to a decrease in defects as observed with the PL intensity 

which increases the charge carrier mobility. .......................................................................... 110 

Figure 3.35:  Band Edge Alignment to Water Redox Potentials (vacuum) of undoped and doped 

samples considering direct bandgaps as measured with the DRS. The work function and the 

EF-VBM separation as measured with the XPS were used to calculate the positions of VB and 

CB. ......................................................................................................................................... 111 



ix 
 

Figure 3.36: Linear sweep voltammetry measurements of La3+ co-doped samples under (a) 

AM1.5G (b) UV (40% intensity) (c) Ga3+ doped SrTiO3 samples at 900 °C under UV (40% 

intensity) with the inset demonstrating the light response towards OER (d) Ga3+ doped SrTiO3 

samples at 900 °C under UV (40% intensity) with the inset demonstrating the light response 

towards HER. ......................................................................................................................... 112 

Figure 3.37: Cyclic voltammetry graph comparing the performance under (a) AM1.5G 

conditions of La3+ co-doped samples (b.) UV irradiation of Ga3+ monodoped samples. In both 

(a) and (b), the doped samples perform better towards OER and HER in the case of the 

monodoped samples. .............................................................................................................. 113 

Figure 3.38:  (a) Comparison of light and dark currents in 4 mol% Ga3+ doped SrTiO3 showing 

a small difference (b) Higher photocurrents in 4 mol% La3+, Ga3+ co-doped samples  (c) 

Chronoamperometry results showing higher photocurrents in the La co-doped samples…...114 

 

Chapter 4 

Figure 4.1: Ga3+ doped SrTiO3 nanoparticles coalesced at 900 °C to form bigger particles 

leading to the formation of grain boundaries. The particles are prone to agglomeration at high 

temperatures although exhibiting higher crystallinity. ........................................................... 127 

Figure 4.2:  The possible elongation of one particle and merging with the bigger particle due 

to high-temperature calcination 2  mol%  Ga3+doped sample indicating that at higher 

temperatures particles undergo sintering and Ostwald ripening. ........................................... 127 

Figure 4.3:  HAADF STEM image of 4 mol%  Ga3+ doped SrTiO3 synthesized at 900 °C 

demonstrating heterogeneity in Ga distribution. This could be due to local variations in the 

diffusion rates of the dopant leading to non-uniform doping. ............................................... 128 

Figure 4.4:  A Ti4+ chelate complex with two deprotonated CA molecules with a charge of -

2[25]. CA loses protons (H+) when it coordinates with Ti4+. ................................................. 129 

Figure 4.5: Samples synthesized at different annealing temperatures from 450 °C to 900 °C.

................................................................................................................................................ 130 

Figure 4.6:  Phase pure materials were first obtained at 500 °C. The low-temperature 

synthesized samples were compared with, and the samples synthesized at 900 °C to check 

phase purity. The peak at 29.5° 2q is due to kß radiation. ..................................................... 131 

Figure 4.7:  Phase pure materials as determined from the XRD diffraction patterns of the 

samples synthesized at different temperatures compared with the standard SrTiO3 sample, 

ICSD  (pink). The XRD pattern of the samples was collected with the same parameters 

described in Chapters 2 and 3. ............................................................................................... 132 

Figure 4.8: Comparison of XRD peak (110) of (a) Undoped (b) 2 mol%  Ga3+ doped (c) 4 

mol%  Ga3+ doped SrTiO3 synthesized at  500 °C, 600 °C, 700 °C and 800 °C to demonstrate 

the effect of calcination temperature on the relative crystallinity of the materials. ............... 133 

Figure 4.9: Comparison of XRD (110) peak intensities of doped and undoped samples at 

different temperatures with the 2  mol%  Ga3+ doped sample showing the highest crystallinity. 

Peak (110) as shown in Figure 4.7 is the most intense peak that has been used to compare the 

relative crystallinity. ............................................................................................................... 134 



x 
 

Figure 4.10: Effect of increasing annealing temperatures on the crystallite sizes as determined 

by the XRD from the Scherrer equation as analyzed in Figure 4.8. The crystallite sizes 

increased with an increase in temperature for all the samples. .............................................. 135 

Figure 4.11: Effect of temperature on the microstrain of the undoped and doped samples. The 

microstrain in this work has been studied as an indicator of localized defects[32]. This 

parameter decreases monotonically for the undoped samples and for the doped samples 

increases up to 700 °C. At 800 °C both the doped samples show a decrease. ....................... 137 

Figure 4.12:  XRD peak (110) shifts (a) Undoped (b) 2 mol%  Ga Doped (c) 4 mol%  Ga doped 

SrTiO3 as a function of temperature. The 2 mol% doped sample show a monotonic lattice 

expansion at all temperatures. The undoped and the 4 mol%, samples show a monotonic lattice 

contraction.............................................................................................................................. 139 

Figure 4.13: Comparison of XRD peak (110) between the undoped and the doped samples at 

(a.) 500 °C (b.) 600 °C (c.) 700 °C (d.) 800 °C demonstrating how the microstructural 

parameters relating to the size and strain change between the doped samples synthesized at 

different temperatures. ........................................................................................................... 141 

Figure 4.14 : Photoluminescence Decay Time Profile Comparison between undoped  mol% 

doped SrTiO3
  at (a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C. The TCSPC data was fitted with 

a three exponential decay function as discussed in Chapter 2. The 2  mol%  Ga3+ at 800 °C 

show the highest lifetime at 0.68 ns    mol%  mol%  °C. ...................................................... 142 

Figure 4.15: The correlation between the lifetimes of the doped samples and the temperature. 

The lifetimes decrease in all the samples synthesized at 500 °C. to 700 °C. At 800 °C all the 

samples show an increase in the lifetime with 2 mol% doped sample demonstrating the highest 

lifetime at 0.68 ns. .................................................................................................................. 144 

Figure 4.16: Absorption wavelengths of (a) Undoped (b) 2 mol%  Ga3+ (c) 4 mol%  Ga3+ doped 

SrTiO3. All samples exhibit absorption in the UV region. Doped samples show traces of 

absorption features which become more prominent with temperature around the 550 nm region 

indicating the modification of opto-electronic properties due to oxygen vacancies. This 

phenomenon was also observed in the case of the La3+ co-doped samples as discussed in 

Chapter 3. ............................................................................................................................... 145 

Figure 4.17: Temperature-dependent bandgaps (a) undoped indirect (b) 2 mol%  Ga3+ indirect 

(c) 4 mol%  Ga3+ doped indirect (d) undoped direct (e) 2 mol%  Ga3+ doped direct (f) 4 mol%  

Ga3+ doped direct SrTiO3 samples. The absorption features can be observed more prominently 

with an increase in temperatures in the indirect bandgaps (a-c). ........................................... 146 

Figure 4.18:  Temperature-dependent separation of the EF and the VBM (a) undoped (b) 2 mol%  

Ga doped (c) 4 mol%  Ga doped SrTiO3 samples. In the undoped series, the EF-VBM separation 

decreases for the samples synthesized at 500 – 600 °C. The separation and therefore, the n-type 

nature increased at higher temperatures. For the 2 mol% doped series, the 500 and 800 °C 

samples exhibit a decrease in the EF-VBM separation (decrease in n-type nature) whereas, the 

4 mol% doped series exhibits only minor differences. .......................................................... 147 

Figure 4.19: (a) Band edge alignment of undoped SrTiO3 synthesized at 800 °C. EF-VBM 

separation at all temperatures (b) Undoped samples  (c) 2 mol%  Ga3+ (d) 4 mol%  Ga3+ doped 

SrTiO3 demonstrating the highest separation at 700 °C. This aligns with the higher n-type 

conduction for these samples. ................................................................................................ 148 



xi 
 

Figure 4.20: Work function measurements of the samples  with (a.) XPS (b.) Kelvin Probe. 

Both measurements show a decrease in work function as a function of synthesis temperature.

................................................................................................................................................ 149 

Figure 4.21: (a.) Undoped (b.) 2 mol% Ga (c.) 4  mol%  Ga doped SrTiO3  work function 

spectrum from the secondary electron cut-off measured with the XPS. The work function 

measured with this method shows slight variation within samples in a series as compared to 

the Kelvin Probe method. ...................................................................................................... 151 

Figure 4.22: Temperature Dependent Correlation between Microstructural (Cell Volume) and 

Electronic (Work Function) from XPS (a.) Undoped (b.) 2  mol%  Ga (c.) 4  mol%  Ga doped 

SrTiO3 . The correlation between the two material properties can be linked to the formation of 

oxygen vacancies. .................................................................................................................. 152 

Figure 4.23: Key components of the band edge energy diagram which were calculated from 

the direct band gap, the EF- VBM separation measured from the XPS, and the work function 

from the XPS. All values were referenced from the vacuum scale. ...................................... 154 

Figure 4.24:  (a) Band edge energy diagram of undoped SrTiO3 synthesized at 800 °C. EF-

CBMin separation at all temperatures (b) Undoped samples  (c) 2 mol%  Ga3+ (d) 4 mol%  Ga3+ 

doped SrTiO3 demonstrating the relation between the temperatures and n-type conductivity 

which is highest at 700 °C. .................................................................................................... 155 

Figure 4.25:  (a) Band edge energy diagram of the undoped SrTiO3 sample at 800 °C. 

Comparison of the IP and the EA with the work function at different temperatures. Doped 

samples show lower IP and EA at 500 °C and 800 °C. For the undoped samples, lower IP and 

EA are observed at 500 °C. .................................................................................................... 156 

Figure 4.26:  Variation of IP, EA, and lifetimes in the samples with temperature (a) undoped 

(b) 2 mol%  Ga doped (c) 4 mol%  Ga doped SrTiO3 samples. At 800 °C, both the doped 

samples show that decrease in the EA and the IP leading to an increase in lifetimes. .......... 157 

Figure 4.27: Positions of CBMin and VBM of the synthesized samples at different temperatures 

with respect to vacuum. ......................................................................................................... 159 

Figure 4.28:  Deconvoluted and charge-corrected Sr3d peaks of undoped SrTiO3 at 500 °C at 

132.73 eV and 134.49 eV with a trace amount of SrCO3 (green doublet). ............................ 160 

Figure 4.29: Deconvoluted Sr3d peaks of (a) 2 mol%  Ga3+ (b) 4 mol%  Ga3+ doped SrTiO3 

synthesized at 800 °C and 500 °C. ......................................................................................... 160 

Figure 4.30:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 463.87 eV (orange) and Ti3+ 

(blue) towards lower binding energies. .................................................................................. 162 

Figure 4.31: XPS Ti2p peaks (orange) of (a) 2 mol%  (800 °C) and 4 mol%  (500 °C) Ga3+ 

doped samples with Ti2p1/2 at lower binding energies as compared to undoped SrTiO3. 

Deconvolution shows the presence of  Ti3+ (blue) at varying concentrations. ...................... 162 

Figure 4.32: XP spectrum of undoped SrTiO3 synthesized at 500 °C  peak with the main lattice 

component at 528.97 eV and surface -OH groups (blue) towards higher binding energies. . 163 

Figure 4.33:  XPS O1s (orange) peak deconvolution of (a) 2  mol%  Ga3+ at 800 °C and (b) 4  

mol%  Ga3+ at 500 °C  doped samples. Both the doped samples exhibit surface -OH groups 

(violet) and -C=O species (blue) at higher binding energies. ................................................ 163 

Figure 4.34: XPS Ga2p3/2 peak of (a) 2  mol%  Ga3+ and (b) 4  mol%  Ga3+ doped SrTiO3 

confirming the presence of Ga3+. ........................................................................................... 164 



xii 
 

Figure 4.35: Comparison of -OH groups adsorbed on the surface of the (a) undoped, (b) 2 

mol%, and (c) 4 mol% Ga3+ doped samples synthesized at 500 °C- 800 °C. For the both 

undoped and the doped series, the sample synthesized at 700 °C shows the highest -OH groups.

................................................................................................................................................ 165 

Figure 4.36: Effect of increase in temperature on the doping levels for the (a) 2 mol%  Ga3+ 

(b) 4 mol%  Ga3+ doped SrTiO3 from XPS. At 500 °C, the dopant concentration is close to the 

intended mol% doping which could indicate that the solubility of Ga dopant decreases with an 

increase in temperature in the SrTiO3 matrix. ........................................................................ 166 

Figure 4.37: Effect of increase in temperature on the doping levels for the (a) 2 mol%  Ga3+ 

(b) 4 mol%  Ga3+ doped SrTiO3 from XPS. The ratio deviates from the 1:1 ratio in the doped 

samples indicating the incorporation of the dopant in the SrTiO3 matrix. ............................ 167 

Figure 4.38: Effect of increase in temperature on the  (a) 2 mol%  Ga3+ (b) 4 mol%  Ga3+ doped 

SrTiO3 synthesized at 800 °C from the TEM. The samples did not show any exsolution. .... 167 

Figure 4.39: Room temperature PL spectrum comparison of the samples (a) Undoped (b) 2 

mol% and (c) 4 mol% Ga3+ doped SrTiO3 samples synthesized at different temperatures. The 

800 °C samples in the case of the undoped and the doped series show the highest intensity 

indicating the highest suppression of non-recombination pathways. The dotted lines show the 

emission peaks upon excitation. ............................................................................................ 168 

Figure 4.40: Dopant dependent PL comparison of undoped and Ga3+ doped SrTiO3 samples at 

(a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C. The 4 mol% doped samples at all temperatures 

show the highest PL intensity indicating the better suppression of non-radiative recombination 

pathways. ............................................................................................................................... 169 

Figure 4.41:  Defect energy level diagram of Ga3+ doped SrTiO3 from the PL analysis in 

Figures 4.39 and 4.40. ............................................................................................................ 170 

Figure 4.42: Dopant dependent comparison of Ti3+ defects in the samples from the 

deconvolution of Ti2p peak from the XPS surface characterization at (a) 500 °C (b) 600 °C (c) 

700 °C (d) 800 °C. The 4 mol% doped samples showed the highest Ti3+ defect suppression at 

all temperatures. The suppression of Ti3+ defects corresponds to the PL analysis in Figure 4.40.

................................................................................................................................................ 172 

Figure 4.43: PEC performance of Ga3+ doped SrTiO3 synthesized at (a) 500 °C (b) 600 °C (c) 

700 °C (d) 800 °C. At 500 °C, the undoped sample shows a higher performance towards OER 

and higher photoresponse. The 2 mol%  doped samples show higher photoresponse at 600 and 

800 °C compared to the other samples at those temperatures.. ............................................. 173 

Figure 4.44:  Correlation between the microstrain and lifetimes of the samples for (a) 2 mol%  

Ga3+ (b) 4 mol%  Ga3+ doped SrTiO3. In the doped samples, the microstrain shows an inverse 

relation to the lifetimes. ......................................................................................................... 175 

 

 

Chapter 5 

 

Figure 5.1: Synthesized samples (a) La3+ co-doped samples 900 °C  (b) La3+ co-doped samples 

800 °C (c) Serial dilution Cr3+ monodoped series (d) Cs+1 co-doped sample at 800 °C. ...... 187 

Figure 5.2: XRD patterns of (a) La3+ co-doped batch at 800 °C (b) La3+ co-doped batch at 900 

°C (c) Cs1+ co-doped batch at 800 °C  (d) Cs1+ co-doped batch at 900 °C (e) Cr3+ monodoped 



xiii 
 

batch with serial dilution synthesized at 800 °C compared with ICSD reference (pink). All 

patterns were measured with a PANanalytical X’pert MPD diffractometer with Cu Kα radiation 

source of λ = 0.15406 nm and were collected between 2θ range 20° to 80° and at 0.3s time/step.

................................................................................................................................................ 189 

Figure 5.3: Comparison of the crystallite sizes (a) Cr monodoped serial dilution samples with 

the inset comparing the 2 mol% Cr monodoped sample prepared by different methods (b) La3+ 

co-doped (800 °C, 900 °C) (b) La3+ co-doped (900 °C) (c) Cs1+ co-doped (800 °C, 900 °C). 

The error bars in the crystallite sizes were added after remeasuring the XRD patterns and 

applying the Scherrer formula three times. ............................................................................ 190 

Figure 5.4:  Lattice volumes comparison (a) Cr monodoped SD series samples (b) La3+ co-

doped samples (c) Cs1+ co-doped samples. An upward trend in the lattice volumes indicates an 

expansion and a downward trend indicates a contraction. ..................................................... 191 

Figure 5.5: Degree of relative crystallinity comparison w.r.t to (110) in (a) La3+ 800 °C co-

doped (b) La3+ 900 °C co-doped (c) Cs1+ 800 °C co-doped (d) Cs1+ 900 °C co-doped SrTiO3 

samples. The 1 mol% La co-doped sample at 800 °C shows higher relative crystallinity than 

the undoped and other doped samples. All the Cs doped samples (800 °C) in (c) show higher 

relative crystallinity as compared to the undoped. ................................................................. 194 

Figure 5.6: Microstrain comparison (a) Cr monodoped SD series samples. The inset shows the 

comparison between the 2 mol% Cr doped samples synthesized with the serial dilution method 

and the standard sol-gel Pechini method  (b) La3+ co-doped samples (c) Cs1+ co-doped samples. 

Microstrain is an indirect indicator of defects present in crystal lattices. .............................. 195 

Figure 5.7: Deconvoluted and charge-corrected Sr3d Peaks of Undoped SrTiO3 (900 °C) at 

132.77 eV and 134.49 eV with trace amount of SrCO3. ........................................................ 197 

Figure 5.8: Deconvoluted and charge-corrected Sr3d Peaks of 2 mol% Cr3+ doped SrTiO3 (900 

°C) at 132.59 eV and 134.34 eV with trace amount of SrCO3. .............................................. 197 

Figure 5.9:  Deconvoluted and charge-corrected Sr3d Peaks of 2 mol% Cr3+ doped SrTiO3 (800 

°C) at 133.01 eV and 134.77 eV with trace amount of SrCO3. .............................................. 198 

Figure 5.10:  Deconvoluted and charge corrected Sr3d Peak of 1 mol%, 2 mol%, 5 mol% and 

10 mol% La, 2 mol% Cr doped SrTiO3 synthesized at 900 °C  with additional peaks of SrCO3.

................................................................................................................................................ 198 

Figure 5.11: Deconvoluted and charge corrected Sr3d Peak of (a) 1 mol% (b) 2 mol% (b) 5 

mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 synthesized at 800 °C  with additional 

peaks of SrCO3. ...................................................................................................................... 199 

Figure 5.12: Deconvoluted and charge corrected Sr3d Peak of (a) 0.1 mol% (b) 1 mol% and 2 

mol% Cr doped SrTiO3 prepared with the serial dilution method. ........................................ 200 

Figure 5.13:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 463.94 eV with Ti3+ (blue) at 

lower binding energies. .......................................................................................................... 201 

Figure 5.14:  Deconvoluted and charge- corrected Ti2p1/2 peaks of 2 mol% Cr3+ doped SrTiO3 

(900 °C) at 463.78 eV and Ti3+ (blue). ................................................................................... 202 

Figure 5.15: Deconvoluted and charge corrected Ti2p1/2 peaks of 2 mol% Cr3+ doped SrTiO3 

(800 °C) at 464.05 eV with Ti3+ defects. ................................................................................ 203 

Figure 5.16: Deconvoluted and charge corrected Ti2p1/2 peaks of (a) 1 mol% (b) 2 mol% (c) 5 

mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C. All samples in this exhibit 

varying concentrations of Ti3+. .............................................................................................. 203 



xiv 
 

Figure 5.17:  Deconvoluted and charge corrected Ti2p1/2 peaks of (a) 1 mol% (b) 2 mol% (c) 

5 mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C with Ti3+ present in all 

samples in this batch. ............................................................................................................. 204 

Figure 5.18: Deconvoluted and charge corrected Ti2p1/2 peaks of (a) 0.1 mol% (b) 1 mol% and 

(c) 2 mol% Cr doped SrTiO3 synthesized with the serial dilution series. 1 mol% SD samples 

exhibit the lowest Ti3+ in all the Cr (co-) doped samples prepared with different methods. . 205 

Figure 5.19:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of 2 mol% Cr3+ doped SrTiO3 (900 

°C). XPS reveals the presence of both Cr3+ (orange) around 576 eV binding energy and Cr6+ 

(blue) around 580 eV binding energy. ................................................................................... 207 

Figure 5.20:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of 2 mol% Cr3+ doped SrTiO3 (800 

°C) with both Cr3+ (orange) and Cr6+ (blue). ......................................................................... 207 

Figure 5.21: XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of (a) 1 mol% (b) 2 mol% (c) 5 

mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C displaying both Cr3+ 

(orange)and Cr6+ (blue). The 2 mol% La co-doped show the highest suppression of the Cr6+ 

states in this batch. ................................................................................................................. 208 

Figure 5.22:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of Cr3+ (orange) and Cr6+ (blue) (a) 

1 mol% (b) 2 mol% (c) 5 mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C. In 

this batch, the suppression of Cr6+ states are higher in the 5 mol% (co-) doped sample. ...... 209 

Figure 5.23:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of (a) 0.1 mol% (b) 1 mol% and (c) 

2 mol% Cr doped SrTiO3 of the SD series. Cr6+  states in this batch is prominent at higher mol% 

doping. The 0.1 and 1 mol% monodoped samples do not exhibit any Cr6+ states towards higher 

binding energies. .................................................................................................................... 210 

Figure 5.24:  XP spectrum of O1s peak with the main component at 529.36 eV at 900 °C with 

-C=O (blue) and -OH species (violet). ................................................................................... 213 

Figure 5.25:  XP spectrum of O1s (orange) of peaks of 2 mol% Cr3+ doped SrTiO3 at 900 °C 

and -C=O (blue) and -OH (violet) towards higher binding energies. .................................... 214 

Figure 5.26:  XP spectrum of O1s (orange) of peaks of 2 mol% Cr3+ doped SrTiO3 at 800 °C

................................................................................................................................................ 215 

Figure 5.27:  XPS O1s (orange) peak deconvolution of (a) 1 mol% (b) 2 mol% (c) 5 mol% (d) 

10 mol% La, 2 mol% Cr co-doped SrTiO3 at 900 °C with varying concentrations of -C=O 

(blue) and -OH (violet). ......................................................................................................... 215 

Figure 5.28:  XPS O1s peak (orange) deconvolution of (a) 1 mol% (b) 2 mol% (c) 5 mol%  (d) 

10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C with ......................................................... 216 

Figure 5.29:  XPS O1s peak (orange) deconvolution of (a) 0.1 mol% (b) 1 mol% and (c)2 

mol% Cr doped SrTiO3 prepared with the SD series with -C=O (blue) and -OH (violet) at higher 

binding energies. .................................................................................................................... 217 

Figure 5.30:  XP spectrum of La3d3/2 and La3d5/2 peaks of 1 mol%, 2 mol%, 5 mol% and 10 

mol% La, 2 mol% Cr doped SrTiO3 at 900 °C. ..................................................................... 218 

Figure 5.31:  XP spectrum of La3d3/2 and La3d5/2 peaks of (a) 1 mol% (b) 2 mol% (c) 5 mol% 

and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C. .................................................... 219 

Figure 5.32:  EPR spectrum of samples 2 mol% Cr-STO 800 °C (black) and 2 mol% Cr-STO 

900 °C (red), measured at 100 K with a microwave power of 50 µW and a field modulation 

amplitude of 0.025 mT. The plot shows only the central part of the measured spectrum, but the 



xv 
 

integration was carried out using the full magnetic field range at the edges of which the EPR 

intensity would go to zero. ..................................................................................................... 221 

Figure 5.33:  Measurement (black) and simulation (red) of the Cr(III) signal in 2 mol% Cr-

STO 800 °C. The spectrum was simulated considering an isotropic Cr(III) (S = 3/2, I = 3/2 

(9.5% abun.), I = 0 (90.5% abun.), g = 1.9784, g-Strain = 0.001, A = 48.6 MHz, Lorentzian 

linewidth = 0.55 mT. The inclusion of zero-field splitting interaction did not improve the 

agreement with the experiment, and it was therefore neglected, making the simulation identical 

to that of the corresponding S = 1/2 ion. ................................................................................ 222 

Figure 5.34:  Raw (a) and normalised (b) EPR spectrum of Cr-STO samples prepared with the 

serial dilution method. (red) 2 mol% Cr-STO 900 °C, (green) 1 mol% Cr-STO 800 °C and 

(green) 0.1 mol% Cr-STO 800 °C. The spectrum were measured at 100 K with a microwave 

power of 50 µW and a field modulation amplitude of 0.025 mT for 2 mol% Cr and 0.015 mT 

for 0.1 mol% Cr and 1 mol% Cr. ........................................................................................... 222 

Figure 5.35:  Raw (a) and normalised (b) EPR spectrum of 2 mol% Cr-STO 800 °C (red), 1 

mol% Cs,2 mol% Cr-STO 800 °C (magenta), 2 mol% Cs,2 mol% Cr-STO 800 °C (blue) and 5 

mol% Cs,2 mol% Cr-STO 800 °C (green). The samples were measured at 100 K with a 

microwave power of 50 µW and a field modulation amplitude of 0.025 mT. The field 

modulation for sample for sample 5%Cs,2%Cr-STO 800 °C was 0.01 mT. ......................... 223 

Figure 5.36:  EPR spectrum of the sample sets annealed at 800 °C  (a) 900 °C  (b), consisting 

of 2 mol% Cr-SrTiO3 (red), 1 mol% La,2 mol% Cr-SrTiO3 (blue), 2 mol% La, 2 mol %Cr-

SrTiO3 (magenta), 5 mol% La,2 mol% Cr-SrTiO3 (purple) and 10 mol% La,2 mol% Cr-SrTiO3 

(yellow). The samples were measured at 100 K with a microwave power of 50 µW and a field 

modulation amplitude of 0.025 mT. (c, d) Normalization of panels and b. ........................... 224 

Figure 5.37:  (a) Suppression of Rh4+ states by La3+ co-doping which the Rh3+ states above the 

O2p level (VB)[5] (b) Shallow Cr6+ states below the CB and Cr3+ states above the VB upon 

site-specific Cr doping in SrTiO3[18]. ................................................................................... 225 

Figure 5.38: Indirect band gaps of (a) Cr monodoped serial dilution SrTiO3 samples (b) La3+ 

co-doped 800 °C (c) La3+ co-doped 900 °C (d) Cs1+ co-doped 800 °C (e) Cs1+ co-doped 900 

°C. All the doped samples show midgap states. These states are suppressed to the maximum 

for both the 2 mol% La3+ (co-) doped samples. Cs co-doping did not show any suppression of 

these states. ............................................................................................................................ 226 

Figure 5.39:  Direct band gaps with midgap states of (a) Cr monodoped serial dilution SrTiO3 

samples  (b) La3+ co-doped 800 °C (c) La3+ co-doped 900 °C (d) Cs1+ co-doped 800 °C (e) Cs1+ 

co-doped 900 °C. The midgap state suppression are analogous to the indirect bandgaps. .... 228 

Figure 5.40: Comparison of absorption wavelengths from the Kubelka Munk function of the 

La3+ co-doped samples synthesized at  800 °C with the undoped. These samples show the 

extension of the absorption into the visible light region and tailing off at 750 nm. The absorption 

feature around 450 – 500 nm is highly suppressed for the 2 mol% co-doped sample. ......... 230 

Figure 5.41: Comparison of absorption wavelength from the Kubelka Munk function of the 

La3+ co-doped samples synthesized at  900 °C with absorption in the doped samples extending 

beyond 800 nm in most cases. The 2 mol% co-doped sample tails off at 700 nm and shows the 

highest suppression of the absorption feature around 500 nm. .............................................. 231 

Figure 5.42: Comparison of absorption wavelength from the Kubelka Munk function of the 

Cs+1 samples synthesized at  800 °C with the increase in absorption beyond 800 nm with an 



xvi 
 

increase in co-doping. No suppression of the absorption feature in any of the co-doped samples.

................................................................................................................................................ 232 

Figure 5.43: Comparison of absorption wavelength from the Kubelka Munk function of the 

Cs+1 samples synthesized at  900 °C behaving similarly to the batch at 800 °C. .................. 232 

Figure 5.44: Comparison of absorption wavelength from the Kubelka Munk function of the 

(a) 0.1 mol% (b) 1 mol% and (c) 2 mol% Cr monodoped serial dilution series synthesized at  

800 °C. The absorption into the visible light region and the absorption feature around 550 nm 

increase with doping. ............................................................................................................. 233 

Figure 5.45: VBM - Fermi level separation of undoped SrTiO3 at (a) 800 °C (2.68 eV) and (b) 

900 °C (2.21 eV). ................................................................................................................... 234 

Figure 5.46:  VBM – EF separation decreases for the sol-gel Pechini synthesized 2 mol% Cr3+ 

doped SrTiO3 at (a) 800 °C (2.01 eV) (b) 900 °C (2.05 eV) as compared to the undoped samples.

................................................................................................................................................ 235 

Figure 5.47: VBM-Fermi level separation further decreases of (a) 1 mol% (1.78 eV) (b) 2 mol% 

(1.99 eV) (c) 5 mol% (1.91 eV) (d) 10 mol% (1.86 eV) La3+ co-doped SrTiO3 synthesized at 

800 °C compared to the 2 mol% Cr monodoped and the undoped samples. ......................... 236 

Figure 5.48:  VBM-Fermi level separation of (a) 1 mol% (1.98 eV) (b) 2 mol% (2.39 eV) (c) 5 

mol% (2.39 eV) (d) 10 mol% (1.95 eV) La3+ co-doped SrTiO3 synthesized at 900 °C. The 1 

mol% and the 10 mol% decrease and the 2 mol% and the 5 mol% increase compared to the 2 

Cr monodoped samples. ......................................................................................................... 237 

Figure 5.49:  (a) Appearance of Cr3d t2g states when Cr is doped at the A-site of SrTiO3 [36](b) 

0.1 mol% and 1 mol% Cr3+ hinting the presence of Cr3d t2g states in the inset at the edge of the 

O2p of the VB spectrum. ....................................................................................................... 238 

Figure 5.50:  VBM-Fermi level separation decreases of (a) 0.1 mol% (b) 1 mol% (c) 2 mol% 

Cr doped SrTiO3 synthesized via the serial dilution method at 800 °C compared to the undoped 

samples. .................................................................................................................................. 239 

Figure 5.51: Work function of the undoped SrTiO3 synthesized at 900 °C at 4.18 eV. ........ 240 

Figure 5.52:  Work function of the 2 mol% Cr3+ doped sample synthesized at (a) 800 °C (4.34 

eV) and (b) 900 °C (4.41 eV) increased compared to the undoped. ...................................... 240 

Figure 5.53:  Work function of the (a) 1 mol% (4.26 eV) (b) 2 mol% (4.29 eV) (c) 5 mol% 

(4.27 eV) (d) 10 mol% La3+ co-doped (4.34 eV) samples synthesized at 800 °C decreases in 

most samples compared to the 2 mol% Cr monodoped sample at the same temperature. .... 241 

Figure 5.54: Work function of these samples decreases with (a) 1 mol% (4.19 eV) (b) 2 mol% 

(4.33 eV) (c) 5 mol% (4.03 eV) (d) 10 mol% La3+ (4.05 eV) co-doped samples synthesized at 

900 °C compared to the 2 mol% Cr monodoped sample at 900 °C. ...................................... 241 

Figure 5.55:  Work function of the  (a) 0.1 mol% (b) 1 mol% (c) 5 mol% Cr3+ doped samples 

synthesized at 800 °C with the serial dilution method increases compared to the undoped. 242 

Figure 5.56: Band edge energy diagrams of undoped SrTiO3 synthesized at (a) 800 °C (b) 900 

°C. .......................................................................................................................................... 244 

Figure 5.57:  Band edge energy diagrams of 2 mol% Cr3+ doped SrTiO3 synthesized via sol-

gel Pechini at (a) 800 °C for 10 h (b) 900 °C for 6 h. ............................................................ 244 

Figure 5.58:  Band edge energy diagrams of (a) 1 mol% La3+ (b) 2 mol% La3+ (c) 5 mol% La3+ 

(d) 10 mol% La3+ co-doped SrTiO3 synthesized at 800 °C (10 h). ........................................ 245 



xvii 
 

Figure 5.59:  Band edge energy diagrams  of (a) 1 mol% La3+ (b) 2 mol% La3+ (c) 5 mol% 

La3+ (d) 10 mol% La3+ co-doped SrTiO3 synthesized at 900 °C (6 h). .................................. 245 

Figure 5.60: Band edge energy diagrams  of (a) 0.1 mol% (b) 1 mol% (c) 2 mol% Cr3+ doped 

SrTiO3 synthesized via the serial dilution method at 800 °C (10 h). ..................................... 245 

Figure 5.61: Band Edge Alignment for Water Redox Potentials of (a) undoped and Cr3+-La3+ 

doped samples synthesized at 800 °C and 900 °C (b) Cr monodoped SrTiO3 prepared via the 

serial dilution method at 800 °C. ........................................................................................... 247 

Figure 5.62:  Average Lifetimes of the doped samples (a) La3+, Cr3+ samples annealed at 800 

°C for 10 h (b) La3+, Cr3+ samples annealed at 900 °C for 6 h (c) Cs1+, Cr3+ samples annealed 

at 800 °C for 10 h (d) Cs1+, Cr3+ annealed at 900 °C for 6 h. Most of the co-doped samples did 

not show significant changes in lifetimes compared to the undoped samples. ...................... 250 

Figure 5.63:  Average Lifetimes of the  (a) 0.1 mol%  (b) 1 mol%  (c) 2 mol%  (d) 10 mol% 

monodoped serial dilution series. This batch showed a significant increase in the lifetimes of 

the doped samples with 1 mol% showing the highest. .......................................................... 251 

Figure 5.64:  Room temperature PL spectrum of (a) Cr monodoped samples synthesized with 

the sol-gel Pechini at 800 °C and 900 °C (b) La3+ co-doped at 800 °C  (c) La3+ co-doped at 900 

°C (d) Cs1+ co-doped at 800 °C (e) Cs1+ co-doped at 900 °C (f) Cr monodoped samples 

synthesized with the serial dilution method at 800 °C. All the (co-) doped samples (a-f) 

synthesized with the standard sol-gel Pechini showed lower PL intensity indicating higher non-

radiative recombination pathways. ........................................................................................ 252 

Figure 5.65:  PL Defect Energy Level in Cr: SrTiO3. ........................................................... 254 

Figure 5.66: (a) CV of Cr and La co-doped samples synthesized at 800 °C (b) CV of Cr and 

La co-doped samples synthesized at 900 °C. All the samples were illuminated with chopped 

AM1.5G light. In both cases, the 2 mol% showed higher anodic OER performance. The doped 

samples do not show significant photoresponse due to insufficient suppression of the Cr6+ and 

intrinsic defects. ..................................................................................................................... 255 

Figure 5.67: (a) CV of Cr SD series synthesized at 800 °C (b) LSV of the samples. All the 

samples were illuminated with AM1.5G light and demonstrated higher anodic performance 

with an increase in doping the 1 mol% Cr monodoped SD sample (highest TCSPC lifetime, 

Figure 5.62 (b)) showed the highest photoresponse due to the absence of Cr6+ states and 

maximum suppression of Ti3+ states. ..................................................................................... 255 

Figure 5.68:  Cr sputtered on TiO2 nanotubes (a) without UV filter and (b) with UV filter 

reproduced from the work of Haryński, L.  et al. [41]. .......................................................... 257 

 

 

Chapter 6 

Figure 6.1:  Finely ground charred material after N2 annealing at 350°C. ........................... 264 

Figure 6.2:  (a) Phase pure XRD pattern of Ga3+ monodoped samples compared to the ICSD 

standard SrTiO3 (pink). The XRD parameters used for the pattern are described in Table 2.2 in 

Chapter 2. (b) Kubelka Munk spectrum of the doped samples show absorption in the UV region 

similar to the undoped sample. (c) Decrease in Ti3+ defects with increase in mol% doping which 

is consistent with the findings in Chapters 3 and 4. ............................................................... 265 



xviii 
 

Figure 6.3: (a) N2 physisorption curves collected at -195.85 °C for the samples. They are all 

mesoporous with type IV isotherm with an H1 hysteresis loop (multilayer adsorption and 

capillary condensation of the nitrogen in the mesopores) according to IUPAC[3]. Pore sizes are 

in the range between 20 and 37 nm. The BET data obtained aligns with the surface area of 

SrTiO3 between 8 and 13 m2/g as reported in literature. (b) CO2 adsorption isotherms of all 

samples collected at 25 °C. .................................................................................................... 266 

Figure 6.4: Preliminary CO evolution from photocatalytic CO2 hydrogenation over Ga3+ and 

La3+, Ga3+ co-doped SrTiO3 samples expressed in micromoles normalized per surface area 

obtained with the BET N2 physisorption. The photocatalytic setup and sample preparation have 

been discussed in Chapter 2. .................................................................................................. 267 

Figure 6.5: The CO evolved after photocatalytic reaction expressed as micromoles per gram 

of catalyst as a function of time for all samples. The synthesized SrTiO3 has an evolution that 

differs from all the other samples. Therefore, the origin of this behavior is being studied 

separately and has not been analyzed further. Figure 6.4 compares the doped samples with the 

commercial SrTiO3. ............................................................................................................... 268 

Figure 6.6:  XRD pattern of Samples with N2 annealing intermediate step in the synthesis 

process compared to the ICSD reference SrTiO3 pattern (pink). The XRD conditions used are 

discussed in Chapter 2 in Table 2.2. ....................................................................................... 270 

Figure 6.7: TEM (a) Nanoparticle cluster (b) Size distribution of 4 mol% Ga3+ doped SrTiO3 

with N2 annealing indicating most particles below 25 nm. ................................................... 271 

Figure 6.8:  Size comparison of particles with XRD (Scherrer equation and W-H analysis) and 

the TEM. These methods point towards a common trend of decreasing crystallite sizes with 

increase in mol% doping. ....................................................................................................... 272 

Figure 6.9:  XPS Ti2p Peak of undoped SrTiO3  with Ti2p3/2 at 458.32 eV with Ti3+(blue) and 

TiO2 (violet). .......................................................................................................................... 273 

Figure 6.10:  XPS Ti2p peaks of (a) 1 mol% Ga3+ (N2) (b) 4 mol% Ga3+ (N2) doped samples 

with Ti2p3/2 at lower binding energies compared to undoped SrTiO3 with Ti3+(red) and TiO2 

(violet). ................................................................................................................................... 273 

Figure 6.11:  Kubelka Munk function of the samples annealed under N2 showing absorption 

in the UV region and no additional optical features. ............................................................. 274 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

List of Tables 

 

Chapter 1 

 

Table 1.1: Kröger Vink notations denoting the charges and sites of point defects introduced in SrTiO3 

upon doping with acceptor and donor ions ........................................................................................... 18 

Table 1.2: SrTiO3 synthesis methods and some material properties [128] ........................................... 19 

 

Chapter 2 

Table 2.1 a: Stoichiometric composition of the doped samples synthesized with the sol-gel Pechini 

method .................................................................................................................................................. 35 

Table 2.1 b: Stoichiometric composition of the doped samples synthesized with the sol-gel Pechini 

method .................................................................................................................................................. 36 

Table 2.2: XRD parameters used for data collection…………………………………………………38 

Table 2.3: ALD conditions used for 10 nm thick blocking layer on the FTO………………………...58 

 

Chapter 3 

Table 3.1: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples………..68 

Table 3.2: Average crystallite sizes, microstrain, lattice volumes, and lattice parameters of the 

synthesized samples .............................................................................................................................. 69 

Table 3.3: Dislocation density of the synthesized samples .................................................................. 75 

Table 3.4: Position of the Sr3d5/2 and the Sr3d3/2 of the doped samples ............................................... 83 

Table 3.5: Ratio of SrCO3 present in the doped samples as compared to undoped SrTiO3.................. 83 

Table 3.6: Ratio of A-site: B-site Elements .......................................................................................... 84 

Table 3.7: Peak Positions of the O1s lattice and the secondary peaks ................................................. 87 

 

Table 3.8 a:  Atomic % of Sr2+, Ti4+ and O1s in the Synthesized Samples from the XPS ................... 90 

Table 3.8 b: Relative mol% doping from the XPS ............................................................................... 90 

Table 3.9: Bandgaps and absorption wavelengths of the synthesized samples…………………….....94 

Table 3.10: Average lifetimes of the samples………………………………………………..………..99 

Table 3.11: VBM-EF separation of the doped samples………………………………………….....…102 

Table 3.12: Measurements of Work Function (ϕ), Electron Affinity (ᵡ), Ionisation Potential (IP) and 

Band Gap (Eg) from the Band Energy diagrams in Figures 3.31 and 3.32….................................….106 

 

Chapter 4 

Table 4.1: Element distribution from EDX collected from Figure 5 in 4 mol%  Ga3+ doped SrTiO3 

synthesized at 900 °C………………………………………………………………………………...127 

Table 4.2: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples ........................ 130 

Table 4.3: Average Crystallite Sizes and FWHM of the samples deduced from the Debye-Scherrer 

equation ............................................................................................................................................... 135 



xx 
 

Table 4.4: Calculated microstrains of the undoped and the doped samples ....................................... 136 

Table 4.5: Calculated lattice parameters and lattice volumes of the undoped and doped samples 

prepared at different temperatures ...................................................................................................... 138 

Table 4.6: TCSPC decay time constants and the average lifetimes of the temperature-dependent 

samples ................................................................................................................................................ 142 

Table 4.7: Experimental work functions from the Kelvin Probe and the XPS ................................... 149 

Table 4.8: Position of the Sr3d5/2 and the Sr3d3/2 of the doped samples ............................................. 160 

Table 4.9: Atomic % of elements present in the samples ................................................................... 163 

 

Chapter 5 

Table 5.1: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples ........................ 186 

Table 5.2: Ti2p peak position of the (co-) doped samples.................................................................. 204 

Table 5.3: Binding energies of Cr2p3/2 and Cr2p3/2 peaks .................................................................. 209 

Table 5.4: Calculated Cr3+ doping from XPS for the synthesized samples ........................................ 210 

Table 5.5: Amount of Cr6+ after La3+ co-doping ................................................................................ 211 

Table 5.6: Binding energies of O1s deconvoluted peaks ................................................................... 212 

Table 5.7: -C=O and -OH concentrations comparison ....................................................................... 216 

Table 5.8: Binding energies of the La3d peaks .................................................................................. 218 

Table 5.9: Amount of La3+ co-doping with respect to Sr2+ ................................................................. 219 

Table 5.10: Indirect, Direct Band Gaps and Absorption Wavelengths of the parent SrTiO3 Edge ..... 228 

Table 5.11: Measurement of Work Function (ϕ), Ionisation Potential (IP), and VBM-EF Separation 242 

Table 5.12: Average lifetime of the Cr (co-) doped samples .............................................................. 247 

 

Chapter 6 

Table 6.1: The crystallite sizes and the BET surface areas from the N2 and the CO2 physisorption 

measurements ...................................................................................................................................... 265 

Table 6.2: The µmoles/m2/h for each fitted sample, the amount of catalyst (mg) loaded, and the N2 BET-

specific surface areas used for the experiments. ................................................................................. 267 

Table 6.3: Average crystallite sizes, Microstrain, and Lattice Parameters of the synthesized samples 

with N2 annealing ................................................................................................................................ 269 

 

 

 

 

 

 

 

 

 

 



xxi 
 

Vitae 

Bachelors: Bachelor of Engineering (Mechanical), India 2016 

Masters: MSc in Renewable Energy Engineering, Germany 2019 

 

List of Publications 

1.) Bhattacharyya, D., Shani B., Steier, L., et al., ‘Understanding the root cause of the blue 

color in La3+, Ga3+ co-doped SrTiO3 and their performance towards photocatalytic 

water splitting’: Under Preparation 

2.) Bhattacharyya, D., Shani, B., Steier, L., et al.: ‘Specific Surface Area Normalized 

Photoactivity and the Factors that Enhance the Performances of Ga3+ Doped SrTiO3’: 

Under Preparation 

3.) Bhattacharyya, D., Shani B., Steier, L., et al.: ‘Investigating the Role of Cr3+/Cr6+ in 

Determining the Photoactivity of Cr Doped SrTiO3 ’: Under Preparation 

 

  



xxii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

For you a thousand times over! 

-The Kite Runner



Chapter 1 
 

1 
 

Chapter 1: Introduction 

1.1 Motivation and Literature Review 

According to a United Nations Organization report, 90% of the world’s crude oil reserves will 

be depleted within two generations and many other industrial raw materials [1]. Incessant abuse 

of fossil fuels for rapid industrialization for the expansion of the global economy is the major 

cause of increased greenhouse gases as reported by the Intergovernmental Panel on Climate 

Change (IPCC) [2]. The global economy is growing and bound to grow fourfold in the next 25 

years. Many developing nations will experience a major economic boom and people's living 

standards on the rise will increase further. The economic boom will be the result of rapid 

industrialization based on the use of fossil fuels. The world is therefore in the grasp of a massive 

energy crisis. Unsustainable strains on natural resources will continue to increase if economic 

growth and the excessive harnessing of fossil fuels are not segregated. This unprecedented 

fossil fuel use is one of the leading causes of the increase in the CO2 levels in the atmosphere 

that has resulted in the steady rise in global temperatures as shown in Figure 1.1. Zhang, Y. G., 

et al. [3] report that the 35 gigatons of atmospheric CO2 resulting from anthropogenic activities 

pose an alarming threat to the biosphere. One of the solutions to this is a fast and feasible 

transition to clean fuels as per the guidelines of sustainable development. According to the 

Brundtland Commission of 1985, sustainable development aims to meet the needs and 

aspirations of the present generation without compromising the ability of future generations to 

meet their needs [4]. Therefore, the need of the hour is for a sustainable transition to cleaner 

and greener energy sources. 

 

Figure 1.1: CO2 levels and global annual average temperature from 1850 to the present with 

the black line indicating the rise in CO2 levels, the red bars indicating temperatures above the 

average, and the blue bars indicating temperatures below the average. Image reproduced from 

the National Oceanic and Atmospheric Administration (NOAA) Climate.gov website. Accessed 

on 18.09.2024) [5].   
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In recent decades after the pioneering work of Honda and Fujishima in splitting water with a 

TiO2-based photo-electrochemical (PEC) system, semiconductor photocatalysts/ 

photoelectrocatalysts have been in focus for clean fuel generation by harnessing solar radiation 

[6]. Water splitting and CO2 reduction are the two most researched avenues for sustainable fuel 

generation with solar energy [7]–[13]. These technologies aim to produce clean fuels such as 

H2, CO, methanol, and methane. Even though this technology has a lot of potential, scalability, 

and conversion efficiencies are still major issues [14]. From the year 2019, the European 

Commission has predicted an increase in funding for PEC and photocatalytic (PC) projects 

with an already allocated budget of 75 million euros [15] as shown in Figure 2.  

 

Figure 1.2: A technology readiness level (TRL) based projection of budget allocated to 

photoelectrocatalysis (PEC) and photocatalysis (PC) research projects in the European Union 

as reproduced with permission from Galushchinskiy, A. et al. [15] (Open access, licensed 

under CC-BY 4.0). The TRL system is used to measure the maturity of a project on a scale of 

1-9 [16].  

Photocatalytic and photoelectrocatalytic fuel generation have been studied intensively in recent 

decades.  In their review article, Villa, K. et al. [8] have summarized the key characteristics that 

an ideal photocatalyst/photoelectrocatalyst should possess for efficient solar fuel generation. 

These are as follows: 

• The conduction band minimum (CBMin) and valence band maximum (VBM) should be 

in favorable positions and straddle the redox potentials 

• Visible light absorption and bandgap narrowing to maximize light absorption efficiency 

• The materials should be photochemically stable 

• The materials should be low cost (economic feasibility) and should be earth-abundant 

After the revolutionary work of Honda-Fujishima on TiO2 photoelectrodes, oxide-based 

photocatalytic materials are highly studied [12]. Since the 1980s, SrTiO3 and TiO2 are some of 

the simplest forms of oxide photocatalysts that have been studied for the evolution of H2 and 

O2 upon light absorption which paved the way for the discovery of other materials [12], [17], 
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[18]. In 1980, overall water splitting on particulate photocatalysts was first reported [19], [20]. 

Domen, K.  et al.  [19] and Tomoji, K.  et al.  [20] reported the photocatalytic decomposition 

of water vapor with NiO-SrTiO3 and RuO-TiO2-based catalysts respectively. The work on 

particulate photocatalysts paved the way for newer oxide materials with layered and tunneled 

structures. Kudo, A.  et al. [21] and Inoue, Y.  et al. [22] reported the water decomposition over 

NiO-K4Nb6O17 and RuOx-BaTi4O9. The presence of tunnels in these catalysts facilitated an 

interaction with promoters such as RuOX, leading to a more effective charge separation and 

higher performance. Tunnels in photocatalysts could increase the surface area for the dispersion 

of the promoters and provide diffusion pathways to improve mass transport. In overall water 

splitting, metal cations with d0 or d10 have been reported to show enhanced performances [23]–

[27]. In these cited works, the d0 transition metal cations are Ti4+, Zr4+, Nb5+, Ta5+, and W6+. 

The d10 cations studied are Ga3+, In3+, Ge4+, Sn4+, and Sb5+. Materials such as TiO2, WO3, and 

SrTiO3 are associated with deep-level VBM (O 2p), increasing the bandgaps, enabling only UV 

light absorption, and reducing overall efficiency. This has led to increased research in wide 

bandgap photocatalysts where visible light absorption was introduced upon doping with 

transition metals with partially filled d-orbitals [28]–[38]. These partially filled d-orbitals can 

introduce states above the VBM, narrowing the band gap. Oxides with non-zero d-orbitals such 

as the Fe2O3, even though they exhibit narrow bandgaps and conducive VBM positions, display 

several limitations. These limitations in Fe2O3 stem from polaronic states inhibiting electron 

transport, recombinations, and poor hole mobility [39]–[41]. Polaronic states in Fe2O3 are 

electronic states associated with the localization of charge carriers due to their interaction with 

the surrounding lattice. In 1998, landmark studies were conducted in the field of H2 and O2 

evolution with Rh-doped SrTiO3 and BiVO4 respectively [42]–[44]. In these photocatalysts, 

the bandgap was narrowed via the modulation of the VBM by introducing Rh 4d and Bi 6s filled 

energy states above it. n-type BiVO4 is another suitable material for water splitting due to its 

conducive band positions and stability against photochemical corrosion [45]. Studies report the 

performance of this material due to charge transport properties, small polaron hopping, and 

oxygen vacancies [45]–[48]. In 2009, the Z-scheme with Rh: SrTiO3 + BiVO4 demonstrated 

overall water splitting under simulated solar light [49]. The performance observed was due to 

electron transfer from the CB of the BiVO4 to the impurity level of Rh species in SrTiO3. A Z-

scheme combines two separate semiconductor photocatalysts with appropriate energy band 

structures that can drive H2 and O2 evolution half reactions [50]. In most cases, co-catalysts are 

used along with the photocatalysts, especially in Z-schemes. The role of the cocatalysts such 

as the RhCrOx is to facilitate charge separation and transfer, lower the activation energy barrier, 

provide sites for redox reactions, and prohibit photo-corrosion [50]. In recent years, another 

photocatalytic material, g-C3N4 is gaining momentum in the field of overall water splitting. g-

C3N4 is characterized by N vacancies and has a band gap of 2.06 eV [51], [52]. However, for 

oxygen evolution, a larger overpotential has to be overcome being a 4-electron process, g-C3N4 

is mostly used in a Z-scheme with BiVO4 or WO3 [53]–[55]. While different photocatalysts 

have demonstrated promising efficiencies under different conditions, the search for materials 

with higher stability, cost-effectiveness, and broader application continues. Owing to these 

factors SrTiO3 is one of the most extensively studied materials for PC and PEC applications 

[50]. 
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Perovskite type SrTiO3 has become the most researched photocatalyst due to its photochemical 

stability against corrosion and its conducive band positions to drive overall water splitting 

favoring effective charge carrier separation and migration [56]. One of the earliest works on 

SrTiO3 was reported by Domen, K. et al. [57] where they studied the photodecomposition of 

water vapor catalyzed by NiO-SrTiO3 over 100 h. Overall water splitting can be enhanced by 

optimizing defects using aliovalent dopants such as Ga3+ with the suppression of intrinsic Ti3+ 

defects and increasing oxygen vacancies [58]. In 2020, another landmark achievement was 

achieved with Al: SrTiO3 loaded with co-catalyst RhCrOx demonstrating quantum efficiency 

close to unity [11]. As discussed earlier undoped SrTiO3 is a UV absorber that can absorb in 

the visible range with bandgap engineering. One such route to increase optical response is 

through doping and inducing one-step overall water splitting. However, this route has several 

limitations such as the limited charge extraction [59].  So far the efficiency of such doped 

systems promoting one-step overall water splitting is quite low including the IrO2 loaded 

SrTiO3: Rh, Sb with an apparent quantum yield (AQY) of 0.1% at 420 nm [60]. Apparent 

quantum yield (AQY) is a metric to evaluate the efficiency of photocatalytic or 

photoelectrocatalytic systems. It represents the fraction of incident photons that drive the 

reactions. Therefore, this motivated the use of SrTiO3 in Z-schemes with other photocatalysts. 

Wang, Q. et al. [61] studied the effect of preparation methods, calcination times, and La co-

doping on Rh: SrTiO3. They studied how these factors could lead to 3.5-3.8 times higher H2 

evolution from aqueous menthol. They later studied a Z-scheme comprising of Ir/CoOx/Ta3N5 

and La, Rh: SrTiO3 which demonstrated that the solar to hydrogen (STH) improved by a factor 

of 3 (AQY of 1.1% at 420 nm). Often an electron mediator such as Fe2+/Fe3+, Au, Pt, or 

graphene oxide (GO) is required to construct a Z-scheme [49]. Electron mediators facilitate the 

transfer of electrons between two photocatalysts of the Z-scheme. Sasaki, Y. et al. [49] reported 

the study of the Z-scheme of Rh: SrTiO3 + BiVO4 via interparticle charge transfer without any 

electron mediators. Iwase, A. et al. [62] studied the use of reduced GO as an electron mediator 

in Rh: SrTiO3+ rGO + BiVO4 Z-scheme. Wang, Q. et al. [63] demonstrated that overall water 

splitting with solar to hydrogen (STH) of 1.2% can be achieved with a particulate photocatalyst 

sheet of La, Rh: SrTiO3/C/ Mo: BiVO4 Z-scheme.  

In recent decades, the rise of CO2 in the atmosphere from anthropogenic sources such as fossil 

fuel consumption and industrial activities has raised concerns about climate change. To 

mitigate these issues, photocatalytic / photoelectrocatalytic CO2 reduction has gained attention. 

These technologies offer pathways to convert CO2 into valuable chemicals and fuels [64]. CO2 

hydrogenation has emerged as a convenient route to reduce CO2 into high-value products such 

as CO [64], [65]. CO2 hydrogenation is a form of CO2 reduction employing hydrogen to reduce 

CO2 to CO and other hydrocarbons. Matsuo, H. et al. [65] have reported the use of Mn-doped 

SrTiO3 for CO2 hydrogenation. They report that 20 mol% Mn doped SrTiO3 showed the highest 

activity towards CO generation due to the highest number of oxygen vacancies. Liu, Y. et al. 

[66] in their work show the design of Cu-ZnO-SrTiO3 for the optimal performance towards 

CO2 hydrogenation to CH3OH. They also report that oxygen vacancies facilitate the activation 

of the CO2.  

Even though SrTiO3 has been extensively researched, there are still challenges associated with 

this material that can limit its performance. The major challenge associated with SrTiO3-based 
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photocatalysts is charge carrier recombinations and factors such as intrinsic defects that can 

accelerate recombinations [50]. These challenges can be tackled by optimizing the design 

conditions. Optimizing morphological parameters, reducing crystallite sizes, and increasing 

crystallinity are some of the routes to enhance the performance of SrTiO3. A high degree of 

crystallinity indicates a lesser degree of defects which can reduce charge carrier recombinations 

and extend the lifetimes of the materials [11]. Takata, T. et al. [58] studied defect engineering 

that showed the suppression of Ti3+ recombination centers with the increase in oxygen 

vacancies upon doping with aliovalent elements. Co-catalyst loading discussed in the previous 

paragraph is also an efficient method to enhance performance by facilitating charge extraction. 

Midgap states that are often associated with transition metal doping in the B-site of  SrTiO3 to 

extend absorption to the visible region, can also act as recombination centers, which can be 

suppressed by co-doping on the A-site [67],[68]. Therefore, to design a photocatalyst / 

photoelectrocatalyst it is necessary to optimize its microstructural parameters such as size and 

crystallinity and opto-electronic properties to suppress recombinations and enhance light 

harvesting. In this Ph.D. work, SrTiO3 will be investigated to gain a comprehensive 

understanding of the materials’ structural, electrical, and optical properties. Additionally, the 

thesis also focuses on how doping affects the properties of SrTiO3. The motivation behind the 

choice of dopants (Ga3+ and Cr3+) are Al3+ and Rh3+ doped SrTiO3. Since Ga and Cr belong 

to the same block as Al and Rh i.e. p and d block respectively, it would be valuable to investigate 

if they demonstrate similar behavior in SrTiO3. Both the Ga3+ and Cr3+dopings are expected 

to be in the B-site of SrTiO3 due to similar ionic radii as the Ti4+. 

SrTiO3 can be utilized by three common approaches to produce solar fuels. These are the 

photocatalysis (PC), the photoelectrocatalysis (PEC), and the photovoltaic-electrochemical 

routes (PV-EC) [15]. The PC approach to generate solar fuels involves using particulate 

semiconductor or Z-scheme photocatalysts in setups that on light irradiation generate and 

separate charge carriers that upon migration to the surface undergo redox reactions to evolve 

the required products [69], [70]. In PEC systems, the photocatalysts are applied on conductive 

substrates and constructed as photocathodes or photoanodes in an electrocatalytic cell which 

drive the reduction and oxidation reactions respectively upon light irradiation and with the 

application of an external bias [71], [72]. In this setup, the materials can be used as either a 

photoanode or photocathode with a counter electrode or in a tandem arrangement where 

photoanodes and photocathodes are used simultaneously. A PV-EC setup consists of a PV cell 

that converts the solar irradiation and supplies bias to the electrolyzer (EC) [72]. The 

electrolyzer consists of two electrodes where the redox chemistry takes place. The approaches 

are demonstrated in Figure 1.3. 
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Figure 1.3: The approaches to solar fuel generation. (a) Photocatalysis setup (PC) (b) 

Photoelectrochemistry setup (PEC) and (c) PV-EC setup as reproduced with permission from 

Jiang, C. et al. [72] (Open access, licensed by CC-BY-3.0). 

In the scope of the Ph.D. thesis, the PC and the PEC methods are used for performance 

assessments of the photocatalysts and to understand how the dopants affect the performance of 

SrTiO3.  

Even though the research in the field of photoelectrocatalysts/photocatalysts is vast, the 

challenges remain due to lower efficiency and stability. Hence, it is crucial to design and study 

new materials that can scale up this field. This Ph.D. work will attempt to understand the role 

of p and d block dopants and understand the PEC and the PC performance of SrTiO3 primarily 

towards hydrogen evolution (HER) / oxygen evolution (OER) reactions and whether doping is 

a good strategy to address the challenges associated with this field. 

1.2 Semiconductor Physics: A Case Study of SrTiO3 

1.2.1 Structural Properties 

SrTiO3 is one of the most researched photocatalysts due to its high thermo-chemical stability 

and its conducive conduction and valence band positions [73]. SrTiO3 has a cubic ABO3 type 

(pm3m) perovskite structure with Ti4+ at the body-centered position (½, ½, ½), Sr2+ at the 

corners (0,0,0) and O2- at the face centers [(½, 0, 0), (0, ½,0), (0, 0, ½)] as shown in Figure 1.4.  
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Figure 1.4: Cubic structure of ABO3 perovskite SrTiO3 with Ti4+ (yellow) in the center, Sr2+ 

(dark blue) in the corners and O2- (light blue) forming the octahedron with Ti4+reproduced 

with permission from the work of Raturi, A. et al. [74] (Copyright © 2022, The Author(s), under 

exclusive license to Springer Science Business Media, LLC, part of Springer Nature). 

The structural stability of the ABO3-type perovskites can be predicted with Goldschmidt’s 

tolerance factor, t [75]–[77]. The ionic radii of the perovskite materials and their ratios are 

employed to determine the t [78]. Mathematically it is derived as: 

𝑡 =
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
          (1.1) 

Where,  

rA = Ionic radius of the A-site element in 12 co-ordination with oxygen 

rB = Ionic radius of the B-site element in 6 co-ordination with oxygen 

rO = Ionic radius of the oxide in 1 and 2 co-ordination with Ti and Sr respectively  

The radii of the elements used in the Ph.D. have been adopted from the work of Shannon, R. 

et al. [79]. ABO3 structures exhibit cubic structures when t is between 0.75 to 1[80]. t < 0.75 

indicates a distortion of the cubic structure with a tilted octahedron and t > 1 results in non-

perovskite structures [77], [81]. For its structural and chemical stability, cubic perovskite is 

preferred for various applications including photocatalysts. In the Ph.D. work, the tolerance 

factors of the doped materials were used as the first step in understanding the limiting 

concentration of mol% doping when the material ceases to be phase pure. This was correlated 

with the X-ray diffraction patterns (XRD) of the samples. The details of these analyses are 

discussed in detail from Chapter 2 onwards. Goldschmidt’s tolerance factor tries to 

theoretically measure the geometric distribution of ions fitting in a perovskite lattice. A t value 

less than or more than 1 indicates a distortion to the ideal structure. 

The properties of transition metal oxides such as SrTiO3 are strongly influenced by their d-

orbitals with the Jahn-Teller effect (JTE) being a dominant effect that is observed in these 

compounds. In SrTiO3, this effect could result in distortions to the TiO6 octahedra. Jahn-Teller 

effect in transition metal complexes (octahedral) describes the geometrical distortion in non-

linear molecules in electronically degenerate states to lower their energy and remove the 
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degeneracy [82]–[85]. The distortion usually occurs by the elongation or the shortening of the 

metal-ligand bonds along the z-axis.  

 

Figure 1.5: A schematic of a weak field JTE in d1 configuration Ti3+ in SrTiO3 with the split 

energy levels t2g and eg. Both energy levels are separated by 10 Dq. 

This effect is prominent in ions with d1, d2, d4, low spin d5, high spin d6, d7 and d9 configurations 

[86]. In the scope of the Ph.D. work, this effect is important to understand due to the presence 

of Ti3+ intrinsic defects in undoped and doped SrTiO3. Ti3+ with d1 configuration in undoped 

SrTiO3 and unevenly occupied t2g levels exhibit weak JTE. In the d1 electronic configuration 

in the octahedral field, one electron occupies one of the t2g states (dxy, dyz, dzx) as shown in 

Figure 1.5. Therefore, the electron-electron repulsion required for JTE is lower. The distortion 

required to lift the degeneracy due to the single electron is smaller in magnitude which leads 

to weaker JTE as compared to other configurations. The Ga3+, Cr3+, and Cr6+ ions with d10, d3, 

and d0 respectively configurations do not exhibit the Jahn Teller effect. Doping with these ions 

can induce local structural and electronic changes and hence, affect the intrinsic Ti3+ defects in 

SrTiO3.  

Besides the JTE in transition metal complex, another d-orbital related phenomenon central to 

this Ph.D. thesis is the d-d transitions that were observed in the Cr-doped SrTiO3 which 

exhibited a clear relation between the optical properties and coordination chemistry.  According 

to the Laporte selection rule, only those electronic transitions that involve a change in parity 

are allowed whereas those that do not include a change in parity are forbidden. According to 

this rule, the d-d transitions in a centrosymmetric octahedral field should be forbidden. 

However, these transitions occur and are responsible for the color of the compounds. These 

transitions occur in complexes when there is a distortion in the symmetry or when associated 

with vibronic coupling i.e. the interaction between the electronic states and vibrational modes 

within a molecule [87], [88]. Vibronic coupling allows forbidden rules by involving phonons 

that modulate the local environment around dopants such as Cr, breaking symmetry and 

allowing the d-d transitions.  

1.2.2 Opto-electronic Properties 

SrTiO3 is one of the most researched photocatalysts due to its conducive opto-electronic 

properties. The indirect band gap of the photocatalyst is 3.2 eV and the direct band gap is 3.7 

eV. Due to its wide band gap nature, SrTiO3 can absorb only in the UV region, constituting 5% 

10
 D

q

t2g

eg
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of the total solar spectrum, limiting the PEC and the PC performance. The theoretical maximum 

achievable photocurrent for SrTiO3 is comparable to TiO2 at 1.1 mA/cm2 as shown in Figure 

1.6 [89].  

 

Figure 1.6: The maximum achievable photocurrent of SrTiO3 is close to the anatase TiO2 at 

1.1 mA/cm2 correlating the solar to hydrogen conversion efficiency (STH) reproduced with 

permission from the work of Li, J. and Wu, N. [89] (Copyright © 2015, Royal Society of 

Chemistry, license issued through Copyright Clearance Center, Inc.). 

Doping is a highly researched strategy to increase the efficiency of the photocatalyst by 

broadening the absorption spectrum to visible light. In this Ph.D. work, doping will be 

investigated as to whether this route is viable to increase the efficiency of photocatalysts. For 

defect engineering, the site where the dopant is substituted is equally important, significantly 

impacting the catalyst behavior.  Visible light activity can be introduced by either doping in the 

A-site or the B-site [90]. B-site doping can affect the electronic structure of SrTiO3 by 

introducing midgap states. Midgap states are localized states in the bandgap introduced upon 

doping [91]. These states can act as traps hindering the charge carrier mobility and could 

negatively affect the photocatalytic performance. A-site doping modulates the oxygen 

vacancies and facilitates charge compensation [92], [93]. The introduction of dopants such as 

Cr, Ir, and Rh has been reported to introduce visible light absorption in SrTiO3 [42], [61], [94]–

[97]. Visible light absorption is facilitated with the introduction of states above the VBM. The 

band alignment of SrTiO3 consists of Ti 3d states forming the conduction band and O 2p states 

forming the valence band [98], [99]. Hypothetically, the fermi level should be in the middle of 

the band gap. However, most literatures report n-type conductivity [100], [101]. The n-type 

nature of SrTiO3 is predominantly from the oxygen vacancy defects intrinsic to the oxide 

material which add states close to the CBMin [102]. The Ph.D. thesis will attempt to study the 

effect of dopants with filled d10 configuration and partially filled d3 configuration on the B-site 

at Ti4+ ([Ar]3d04s0 configuration) and how they affect light absorption. 

1.3 Performance Assessment of SrTiO3 

In the Ph.D. work, two routes assessing the performance of SrTiO3 towards clean fuel 

generation were studied. The first route was photocatalysis which was used to study CO2 

hydrogenation. The second route was photoelectrochemical measurements that were used to 
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study the performance of the d3/d10 ion-doped SrTiO3 samples towards OER and HER. The 

methods are discussed in the subsequent sections. 

1.3.1 Photocatalysis 

Photocatalysis is a promising method to utilize the intermittent nature of solar energy to 

generate clean, secondary fuels such as H2 [103]. SrTiO3 is one of the most extensively 

researched photocatalysts, especially in water-splitting systems and CO2 reduction reactions 

such as CO2 hydrogenation. Due to the absorption only in the UV region, the applicability of 

the wide band gap SrTiO3 is limited. Therefore, narrowing the band gap to accommodate 

visible light absorption has been studied with (co-) doping metals and non-metals. Wang, Q. et 

al.[63]reported solar to hydrogen (STH) energy conversion efficiency of 1.2% using SrTiO3: 

La, Rh, and BiVO4: Mo photocatalysts in a Z-scheme. For overall water splitting 

RhCrOx/SrTiO3: Al has been reported to have the highest external quantum efficiency of 1 [11]. 

Takata, T. et al. [11] report that the material properties such as the crystallinity improvement 

and the defect engineering, are central to the performance observed. Takanabe, K. [104] 

classifies the photocatalytic process into 6 events which are as follows: 

• Photon absorption 

• Exciton (e-/h+) separation 

• Carrier diffusion 

• Carrier transport 

• Catalytic efficiency 

• Mass transfer of reactants and products 

Takanabe, K. highlights a 6-gear concept about photocatalytic water splitting in work [104], 

[105] as shown in Figure 1.7. This concept sequentially depicts the steps associated with the 

photocatalytic process occurring at different timescales [104]. On the absorption of light, the 

photocatalyst surface undergoes photophysical and photochemical changes resulting in the 

excitation of electrons from the valence band to the conduction band. After overcoming the 

exciton binding energy, the e-/h+ separates after rapid relaxation to the band edges. The 

separated e-/h+ pair influenced by their effective masses are transported through diffusion to 

the surface where the catalytic reaction occurs.  
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Figure 1.7: The 6-gear concept depicting the parameters of photocatalysis, and the time scale 

required to accomplish the associated processes as reproduced with permission from the work 

of Takanabe, K. [104] (Open access, Copyright © 2017 American Chemical Society. Licensed 

by CC-BY-NC-ND) 

Even though bandgaps are crucial for determining performance, two other factors that should 

be considered important are the positions of the CBMin and the VBM. Transition metal dopants 

with their d-orbitals can hybridize with the states of SrTiO3, bringing the CBMin position closer 

to the reduction potential. This leads to a decrease in the bandgap. Similarly, the VBM can also 

be shifted away from the oxidation potential by suitable dopants. However, this has been 

reported to be associated with introducing trap states in the forbidden region, which can lead 

to charge carrier recombinations. In the scope of the Ph.D. thesis, the positions of CBMin and 

VBM are fundamental to understanding the performance of the photocatalysts. In some of the 

doped samples in this work (elaborated in the result chapters 3-5) it has been observed that 

even if the bandgap did not change much compared to the undoped SrTiO3, the CBMin and VBM 

positions vary significantly. This could arise from defect states, dopant-induced changes in the 

electronic structure, and lattice distortions due to changes in bond lengths. Doping with 

transition metals with d-orbitals is often associated with midgap states that can deteriorate 

photocatalysis. A suitable strategy to control the midgap trap states is to use co-dopants that 

can suppress these states. Co-doping can facilitate band-edge engineering and charge 

compensation whilst retaining the oxidative and reductive power of the photocatalyst.  

Photocatalysis: From a Thermodynamic Point of View  

In photocatalysis, the photoreaction occurs on light absorption in the presence of the catalyst 

which results in the generation and the subsequent separation of charge carriers. Ohtani, B. 

[106]–[108] in his work describes the photoreaction with the excitation of electrons from the 

filled valence band to the empty conduction band upon absorbing photons with energy higher 

than the bandgap. A thermodynamic driving force is required to start the photoreaction. This 

driving force for photocatalysis can be understood with Gibb’s free energy diagram (G). Gibb’s 

energy change (∆G) for photocatalytic reactions can be both positive (absorbs energy) or 

negative (releases energy). ∆G  is positive for water splitting and CO2 reduction indicating that 
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the reaction is non-spontaneous, endothermic, and energetically uphill [103]. An initial 

activation energy is required to start the photoreaction which is provided by the absorption of 

light. Therefore, it becomes crucial to understand why such photocatalytic reactions are 

possible if they are non-spontaneous.  

Ohtani, B. [106]–[108] in his work explains that non-spontaneous redox reactions occur when 

the reduction and oxidation steps are spatially or chemically separate. Without this, no products 

would form. The total Gibb’s free energy change (∆G) has two components: ∆Ge and ∆Gh 

attributed to the e- facilitating the oxidation reaction and the h+ facilitating the reduction 

reaction respectively [109]. Both these components should be negative for an uphill 

photoreaction such as water splitting and CO2 reduction to occur.  

 

Figure 1.8: Schematic showing Gibb’s energy change for uphill photocatalytic water splitting 

and CO2 hydrogenation reactions adapted with permission from the work of Liu, B. et al. [109] 

(Open access, Copyright © 2020, American Chemical Society). The schematic was modified 

from the original source by reversing the arrow showing the transition from the valence band 

to the conduction band. 

Figure 1.8 shows Gibb’s free energy change for an uphill reaction. Figure 1.8 constitutes two 

components of a photocatalytic reaction. The first component (left-hand side) shows the 

electronic band structure which governs how the electrons are excited by light energy from the 

valence band (VB) to the conduction band (CB). The second component shows the 

thermodynamics and the kinetics of the photocatalytic reaction. A shift in thermodynamic 

equilibrium to non-equilibrium of excited states occurs on photoexcitation of the catalyst with 

light energy higher than the bandgap. This causes the electrons and holes in the CB and the VB 

to disarray. This results in a disturbance in the quasi-fermi levels (Fn, Fp) [110]. The resultant 

charge carriers cause the excited state to have a higher G position (G2) than the ground state 

(G1). The difference in these states is expressed in Eq. (1.2) and Eq. (1.3). The ∆Gpc denotes 

the change in Gibb’s energy from the initial state, G1 to an intermediate state, G 2 .  Epc in 

Figure 1.8 denotes the photocatalytic energy provided upon illumination. The resultant charge 

carriers cause the excited state to have a higher G position than the ground state. The difference 
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in these states is expressed in Eq. (1.2) and Eq. (1.3).  These conditions yield a positive ΔG 

with the chemical potential of electron (Fn) being larger than that of the hole (Fp), as expressed 

in the following Eq (1.4) shows the ΔG of photocatalytic water splitting which is the minimum 

energy requirement to dissociate water [110]. For the photo-reaction to complete, an activation 

energy barrier must be crossed from G2 (reactants, Figure 1.8) to GO (products, Figure 1.8). To 

mathematically elaborate on this, we consider SrTiO3 a thermodynamic system.  

ΔG = Gbefore photoexcitation – Gafter photoexcitation       (1.2) 

ΔG = - NA (Fn - Fp)          (1.3) 

ΔG  = -NAEg – kBT ln
𝑛𝑝

𝑁𝑣𝑁𝑐
 = 237 kJ/mol      (1.4) 

Where, 

Fn, Fp = Quasi-equilibrium states denoting electron states with internal equilibrium, and the 

quasi-fermi level potential of electrons and holes [111]. 

Eg = Bandgap Energy 

kB = Boltzman’s Constant 

Nv = Effective Densities of States in Valence Band 

Nc = Effective Densities of States in Conduction Band 

n, p = Concentration of Electrons and Holes  

Fn, Fp = Quasi Fermi Levels of Electrons and Holes  

From Eqs 1.2-1.4, it can be observed that Gibb’s energy change is the primary charge carrier 

driver in photocatalysis. For a photoreaction to commence, the thermodynamic driving force 

is directly proportional to the difference in the number of electrons and holes. When SrTiO3  is 

at thermal equilibrium, ΔG is zero which indicates zero net force to drive photocatalytic 

reactions. [112]. From this, it can be inferred that heat is not the driving force for generating 

electron-hole pairs. Thus, for photo-catalysis, the Gibbs free energy (ΔG) which is supplied by 

light irradiation is the energy of the reaction that is required to drive the photoreaction. 

The experimental setup used in photocatalysis is another important consideration during the 

measurements. There are two types of setups used in laboratories- closed systems and flow 

systems [12]. Closed systems are further classified into batch systems and custom-made 

reactors. A batch-type closed photocatalytic setup comprises a cuvette or a test tube sealed with 

a rubber septum. This setup is purged with argon gas and irradiated. The gas samples are 

generally taken with syringes for analysis. The major disadvantage of this system is that O2 

cannot be analyzed accurately due to contamination from air during sampling [12].  Custom-

made reactors have an optically transparent part that is illuminated. A typical reactor could 

consist of stainless steel which houses a Teflon liner and a quartz lid. In both these types of 

closed systems, the gases produced after photocatalysis are circulated through the system and 

analyzed with gas chromatography. In flow systems, the liquid phase is continuously flowed 

with a carrier gas.   
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1.3.2 Photoelectrochemistry (PEC) 

In recent years, PEC measurements have gained popularity as a method to produce solar fuels. 

Thermodynamically, this method is like photocatalysis in being governed by Gibb’s free energy 

change as the primary driver for the reaction. PEC measurements for water splitting involve 

285.8 kJ/mol of energy with 237.2 kJ/mol supplied from Gibb’s energy and 48.6 kJ/mol which 

is the heat released from the reaction[113]. Mathematically, this can be demonstrated by Eq 

(1.5) [113]. 

2H2O (l) + 285.8 kJ/mol             2H2 (g) + O2 (g)     (1.5) 

The overall potential thermodynamic barrier to be overcome corresponding to 237.2 kJ/mol is 

1.23 eV [114]. To dissociate water, the photoelectrode should generate photovoltage greater 

than 1.23 eV. The entire process of water splitting involves the consumption of  4 electrons for 

the oxidation reaction (OER) at the anode and 2 electrons for the proton reduction (HER) at 

the cathode. These can be represented by the equations (1.6) and (1.7) where ∆E0
Ox and ∆E0

Red 

are the electrode potentials for the oxidation and reduction reactions [113]. 

Anode: 2H2O          O2 (g) + 4H+ + 4e-, ∆E0
Ox = 1.23 VRHE    (1.6) 

Cathode: 4H+ + 4e-              2H2 (g), ∆E0
Red = 0 VRHE     (1.7) 

The PEC cells consist of a cathode and an anode where reduction and oxidation reactions take 

place. Due to the favourable band positions of SrTiO3 to the redox potentials of water splitting 

and CO2 reduction (or hydrogenation), no external bias is required for the reactions to proceed. 

The principle of the PEC process involves the generation of charge carriers upon absorbing 

photon energy higher than the bandgap of the semiconductor catalysts, charge separation and 

migration to the surface, and surface redox reactions.  

In a PEC setup, the electrolyte is an important part of the measurements as electrons can be 

transferred between the semiconductor electrode and the electrolyte. When the semiconductor 

and the electrolyte come in contact, it forms the semiconductor-electrolyte junction (SCLJ) 

[115],[116]. This creates an electrical double layer (shown in Figure 1.9 (a)) due to a difference 

in the fermi level (Ef) of the semiconductor and the redox potential (Eredox) of the electrolyte 

leading to band bending [113]. The band bending aids the charge carrier separation and 

migration. When Ef > Eredox, the band bending is upward in n-type semiconductors, and when 

Ef < Eredox, the band bending is downward in p-type semiconductors as shown in Figure 1.9(b). 

 Band bending leads to a space charge region where the semiconductor is in contact with the 

electrolyte. In PEC measurements, the minority charge carriers have a dominant role in 

progressing the redox reactions i.e. the holes lead the oxidation, and the electrons lead the 

reduction. The electrical double layer at the junction is formed due to the difference in the Ef 

and the Eredox [113]. This is mainly contributed by the Helmholtz and the Gouy layers [113]. A 

potential drop occurs across the semiconductor-electrolyte junction due to these layers and the 

space charge region. In the Ph.D. work, the synthesized samples exhibited a n-type character 

where the fermi level lies closer to the CB. In n-type semiconductors, when the semiconductor 

is exposed to the electrolyte, the electrons flow to the electrolyte, and the space charge region 

is positively charged [113]. This leads to the equilibrium fermi level (Ef, Eq) to shift downwards 
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and remain there till equilibrium is set again. The space charge region at this point is called the 

depletion region as the electrons and excess holes accumulate at the semiconductor surface. 

Here, the bands bend upwards. 

 

Figure 1.9: Band bending at semiconductor electrolyte junction. (a) n-type semiconductor 

electrode with a double layer structure. The electrode is in contact with the electrolyte 

reproduced with permission from the work of Ding, C. et al. [115] (Copyright © 2016 

American Chemical Society). (b) Energy diagram of n- and p-type semiconductors reproduced 

with permission from the work of Zhang, Z. and Yates, Y. T. [116] (Copyright © 2012, American 

Chemical Society). 

Reported literature often does not differentiate between photocatalytic and 

photoelectrocatalytic systems and the terms are used interchangeably. Osterloh, F. [117] in his 

work sets a clear distinction between both cases. He explains that photocatalysts promote 

reactions with ∆G < 0 without any storage. Whereas photoelectrocatalytic systems harvest light 

to drive reactions with ∆G > 0, and to do this they must suppress the back reaction. 

1.4 The Role of Defects in SrTiO3 

Crystallographic and electronic defects in SrTiO3 are closely related to their photocatalytic/ 

photoelectrocatalytic performances. In the scope of the Ph.D. work, defects in perovskite oxide 

materials can be classified as 0D, 1D, and 2D.  Point defects such as charged anion or cation 

vacancies are 0D defects contributing to opto-electronic properties [118]. In comparison, 1D 

and 2D are classified as dislocations or grain boundaries that can facilitate 0D defects by acting 

as nucleation pathways [119]–[121]. Point defects predominantly exist in the bulk. However, 

oxygen vacancies can also be on the surface. Defects such as grain boundaries and dislocations 

are present on the surface.  

Grain boundaries are formed during high-temperature annealing when the nucleation process 

starts. During the nucleation, the grains start growing in random orientations. These randomly 

oriented grains keep growing and come to points where they and the growth stops. The grain 

boundary is the point where the two differently oriented grains are joined. Grain boundaries 

are classified as 2D defects due to their planar characteristic as they extend over an area in a 

plane. Dislocations on the other hand are classified as 1D defects as they are linear in nature. 

Dislocations are irregularities in the lattice where atoms are misaligned [122]. These crystal 
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defects are generally further classified as edge and screw dislocations. Edge dislocations occur 

when a new half-plane of atoms is inserted into the crystal structure. This causes the dislocation 

to occur at this half-plane edge and it is perpendicular to the direction of the applied stress. 

Screw dislocations occur when the crystal lattice undergoes a helical twist along the dislocation 

line. This type of dislocation is parallel to the applied stress. These crystallographic defects can 

significantly impact the performance of the catalysts. These dislocations are shown in Figure 

1.10. Dislocations are defined by two vectors i.e. the line vector, t which is along the direction 

of the dislocation line, and Burger’s vector which signifies the direction and the distance the 

dislocation moves. Dislocations and grain boundaries can act as traps and recombination 

centers for charge carriers [123].  

 

Figure 1.10: Schematic of types of dislocations. (a) Edge dislocations (b) Screw dislocations. 

Image reproduced from the Dissemination of IT for the promotion of materials science, 

DoITPoMS website, University of Cambridge. Accessed on 18.09.2024 [124]. 

Crystallographic defects such as grain boundaries can act as sinks for point defects such as 

oxygen vacancies [125]. These vacancies directly impact the 

photocatalytic/photoelectrocatalytic performances. Photocatalysis involves 6 steps as 

discussed in section 1.3. In semiconductor photocatalysts, charge separation and transport to 

the surface involves minority charge diffusion lengths (LD). These diffusion lengths are 

dependent on the lifetimes (τ) and the carrier mobilities (μ) as shown in Eq (1.8) [126]. 

LD = √
𝑘𝑇

𝑒
𝜏𝜇            (1.8) 

Where, 

τ = Lifetimes of the generated charge carriers 

μ = Charge carrier mobilities  

k = Boltzmann’s constant = 1.38 x 10-23 J/K 

T = Absolute temperature 

This step in photocatalysis is very sensitive to trapping. Intrinsic defects such as vacancies and 

Ti3+ states can act as traps leading to charge recombinations. Doping is known to introduce 

oxygen vacancies that can add localized states in the bandgap near the conduction band. These 

defects act as shallow donors that increase the electron density and enhance the n-type 

(a) (b)
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conductivity [127]. Doping can also induce deep-level traps in the middle of the band gap. 

Even though these traps can lead to recombinations, they can also be beneficial by promoting 

charge-selective trapping [128], [129].  Charge selective trapping involves immobilizing either 

electrons or holes. This can lead to an increase in carrier lifetimes by efficiently separating 

oppositely charged carriers. Doping in wide-bandgap materials can create sub-band gap levels 

that extend light absorption in the visible light region. To understand point defects, the Kröger 

Vink notation is employed. This notation is discussed in the subsequent section. 

1.4.1 Understanding the Site and the Charge of Point Defects with the Kröger Vink 

Notation  

Kröger Vink notations identify and represent point defects in crystal lattices such as SrTiO3.  

These notations help in assigning charges to these defects and the positions they occupy in the 

lattice [130]. In the scope of this Ph.D., Ga3+ and Cr3+ doped SrTiO3 were studied. Due to the 

comparable ionic sizes of these dopants to the ionic size of Ti4+, they are likely to be substituted 

on the B-site of SrTiO3. When Ga3+/Cr3+ is substituted in the B-site, charge neutrality is 

maintained with the creation of oxygen vacancies [92]. Oxygen vacancies are the most 

common point defects in perovskite materials. Oxygen vacancies can be neutral, singly ionized, 

or doubly ionized [131]. Ionized oxygen vacancies can effectively block the incoming holes 

and reduce surface recombinations. Besides oxygen vacancies, SrTiO3 can also exhibit other 

intrinsic defects such as cation vacancies or the dopants in interstitial positions. These defects 

can be represented via the Kröger Vink notation as shown in Table 1.1. 

Thermal annealing of doped/undoped SrTiO3 in air or under vacuum can also facilitate the 

formation of oxygen vacancies in the crystal lattice.  The formation of oxygen vacancies is 

represented by Eq (1.9) which shows oxygen in the oxygen site is lost with the formation of 2 

electrons.  This leads to a charge imbalance in the lattice that prefers neutrality. To maintain 

charge neutrality, the loss of each oxide ion is accompanied by the formation of two Ti3+ ions 

as shown in Eq (1.10). Therefore, it can be inferred from here that Ti3+ is another intrinsic 

defect that is associated with SrTiO3 which is formed alongside the oxygen vacancies. Ti3+ 

could be another cause for imparting a n-type conductivity to SrTiO3. In acceptor-type dopants 

such as Ga3+/Cr3+ (denoted as M in Table 1 and Eq (1.11)) doped SrTiO3, the dopants can 

suppress the reduction of Ti4+ to Ti3+ and create ionized oxygen vacancies reducing the 

concentration of the Ti3+ defects in an oxygen-rich environment. This can be represented by 

the Eq (1.7). Eq (1.12) shows a condition when  M3+ substitutes in the Ti4+ site where 

compensation occurs with doubly ionized oxygen vacancies in an oxygen-poor environment. 

Doubly ionized oxygen vacancies are more prevalent at higher temperatures. Single ionized 

oxygen vacancies are formed at lower temperatures when doubly ionized oxygen vacancies 

trap free electrons shown in Eq (1.13) [132]. 

OX
O           V̈O + 

1

2
 O2 + 2e’        (1.9) 

2e’ + 2TiX
Ti           2Ti’Ti        (1.10) 

M2O3  + 
1

2
 O2          2M’Ti + 4O𝑂

𝑋
       (1.11) 
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2MTi + VO
X           2MTi

′   + V̈O         (1.12) 

V̈O + e’           V̇O          (1.13)  

Table 1.1: Kröger Vink notations denoting the charges and sites of point defects introduced in 

SrTiO3 upon doping with trivalent acceptor ions  

Kröger Vink Notation Charge and Site of Point Defects in 

SrTiO3 

SrX
Sr Sr at Sr site with a neutral charge 

TiX
Ti Ti at Ti site with a neutral charge 

OX
O O at O site with a neutral charge 

M’Ti Single negatively charged acceptor ion at Ti 

site 

G̈ Ti Double positively charged acceptor ion at Ti 

Site 

V̈O Double positively charged oxygen vacancy 

V̇O Single positively charged oxygen vacancy 

Vx
O Neutral oxygen vacancy 

 

Intrinsic defects such as cation or anion vacancies can affect the charge carrier dynamics. This 

is fundamental in understanding how different dopants affect the properties and behavior of 

SrTiO3.    

1.5 Incorporating the Dopants: How Does the Synthesis Route Affect the Final Products? 

SrTiO3 has been reported to be synthesized via various synthesis procedures as summarized in 

Table 1.2 reproduced from the review work of Phoon, B. et al. [133]. Physical characteristics 

such as crystallinity, morphology, particle size, and shape can be heavily influenced by the 

synthesis route adopted [134]–[137]. Size and shape are two important parameters that can 

heavily influence photocatalytic performances [138]. The size and the shape are related to the 

surface structure of these catalysts. Since photocatalysis/photoelectrocatalysis is a surface 

phenomenon, therefore the design and the construction of facets are important. These 

parameters can be optimized with the synthesis route. Different raw materials suitable for 

various synthesis conditions can be used to synthesize doped/undoped SrTiO3.  

Microstructural parameters such as the crystallinity, the specific surface area, and the 

nanoparticle sizes can determine the performance of the catalysts [138]. In a photocatalyst, the 

redox reactions occur on the surface, and in the bulk of the material where no electric field 

exists. Controlling these two aspects i.e. the surface to bulk material is crucial in controlling 

recombination losses [50]. In photocatalysis/PEC, the photogenerated charges should separate 

and migrate to the surface for the redox reactions to proceed. However, the transport of these 

carriers to the surface of oxide materials is limited by (i) the short minority carrier diffusion 

length of carriers and (ii) the space charge layer width of the semiconductor [139]. Therefore, 

synthesis methods that result in nanoparticles having a higher surface area to bulk ratio are 

suitable for photocatalysis. The morphological control of the shape and size of SrTiO3 is also 
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significant for developing highly efficient photocatalysts. Besides that, the nature of the surface 

of photocatalysts (facet, traps, step edges etc.) can also influence their photocatalytic activity 

and selectivity [140].  

Table 1.2: SrTiO3 synthesis methods and some material properties [133] 

Sr. 

No. 

Synthesis Method Morphology Particle Size [nm] 

1 Sol-gel with 

hydrothermal synthesis 

Nano-cubes 60-120 

2 Polymerized Complex NPs 25-100 

3 Solid state reaction NPs 110-150 

4 Ball milling assisted 

solid-state reaction 

NPs 30 

5 Sol-gel combustion Nano-powders 

(spherical) 

20-30 

6 Sol-gel Nano-powders - 

7 Molten salt reaction Sub-micron 

crystallites and 

nanocrystals 

20-184 

8 Microwave heating 

technique 

Nano-powders 28-68 

9 Solvothermal NPs 50-80 

10 Molten salt reaction Nano-cubes 64-182 

11 Microwave-assisted 

hydrothermal 

Nano-spheres - 

12 Nano-cubes 47-57 

13 Sol-gel hydrothermal NPs 30-150 

14 Hydrothermal Meso-crystals 100-200 

15 Solvothermal Nano-cubes 20 

16 Sol-gel combustion NPs 45-56 

17 Hydrothermal Nano-cubes 20-200 

18 Solvothermal Nano-cubes, Nano-

spheres, Nano-flakes 

24-43 

19 Rapid sol precipitation Nano-cubes 4-13 

20 Hydrothermal Micro-spheres 30-46 

21 Solid state reaction (flux) Nano-cubes 300 

22 Electrospinning Nano-tubes 100 

23 Ultrasound-assisted wet 

chemical 

Nano-crystals 7-17 
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24 Solid-state crystal growth Single crystals - 

25 Flux mediated method Nano-cubes (irregular 

shape) 

200-3000 

26 Hydrothermal Core-shell micro-

spheres 

700 

27 Ultrasound-assisted 

hydrothermal 

Mesoporous nano-

powder 

8-18 

28 Hydrothermal Nano-cubes 30-56 

 

The most reported route of synthesis of SrTiO3-based photocatalysts is solid-state synthesis. 

However, particle agglomeration and non-uniform morphology are some severe drawbacks that 

encourages the use of other synthesis routes [133].  Sol-gel Pechini is a promising method to 

study the effect of the synthesis route on the performance of the photocatalysts. The Pechini 

method is a modification of the standard sol-gel method where chelating ligands are used to 

form a homogenous metal-citrate solution. In the Pechini method, the homogenous metal-

citrate solution is converted to a covalent polymer network which entraps and immobilizes the 

metal ions [141], [142]. This can promote more control over the developing product by 

delaying the organic matrix decomposition at high temperatures [133]. In this method, a 

homogenously dissolved starting material of the hydrated metal salt is dissolved in ethylene 

glycol and citric acid resulting in the metal‐citrate chelate complexes. This solution undergoes 

a polyestrification process upon heating further forming the covalent network. The addition of 

ethylene glycol ensures that the metal cations are homogenously dispersed, and the segregation 

of multiple phases is inhibited. The metal citrate network entraps the cations and ethylene 

glycol makes the solution more viscous which further immobilize the cations. In the Pechini 

process, the chelating agent i.e. the citric acid suppresses the multiple phases of binary oxides 

due to different hydrolysis and condensation rates leading to steric immobilization and 

entrapping the aqueous cations. Ethylene glycol is used in a non-aqueous sol-gel reaction 

instead of water as ethylene glycol helps in steric immobilization and shape control. The 

Pechini process thus offers the benefit of homogenously dispersed metal cations in the network 

and form a polymeric precursor. In their work, Liu, Y. et al. [143] in their work, compared 

SrTiO3 synthesized with different methods including the Pechini method and the solid-state 

method. They reported that SrTiO3 which was synthesised by the Pechini method gave a 

smaller particle size (30 nm) as compared to solid state synthesis (150 nm). The SrTiO3  

synthesized with the sol-gel Pechini was reported to have a better photocatalytic performance 

compared to the solid-state synthesized sample. For sol-gel synthesis, alkoxides are preferred 

for Ti precursors and nitrates as Sr precursors. Alkoxides are preferred because of the following 

[143]: 

• Physical properties such as the percentage of ionic character of the metal-oxide bond 

due to electronegativity differences between oxygen and the metal  

• Degree of polymerization is an important feature that influences many of the physical 

and chemical properties of these compounds  
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Amongst other precursors, nitrates are used mainly to introduce Group I and II elements like 

Sr since the corresponding alkoxides exhibit limited solubility in alcohols. In this Ph.D. work, 

sol-gel Pechini method is used to synthesize the catalyst materials. Another advantage of this 

method compared to the solid-state synthesis is that it is less energy intensive. In this work, 

phase pure materials were synthesized at temperatures as low as 500 °C.  

In the Ph.D. work, doped SrTiO3 samples were synthesized using the sol-gel Pechini method 

and subsequently studied to investigate their microstructural and opto-electronic properties. 

This work also aims to understand the influence of doping on the material’s structural 

characteristics such as crystallite size and morphology as well as its optical absorption and 

electronic behaviour. 

1.6 Aim of the Ph.D. Thesis 

SrTiO3 exhibits limited photocatalytic performance due to its absorption in the UV region of 

the solar spectrum. Doping SrTiO3 with trivalent ions at the B-site is often associated with 

midgap trap states which can negatively affect the catalytic performances. To overcome these 

challenges, the Ph.D. thesis focuses on understanding doping d3 (Cr3+) and d10 (Ga3+) ions in 

SrTiO3. A series of samples were synthesized, and their material properties were investigated. 

In summary, the key research questions the Ph.D. work attempted to address are listed as 

follows.  

• Using low-cost, earth-abundant materials as dopants to modulate the wide band gap of 

SrTiO3 to understand how light absorption is affected 

• Which B-site dopant can facilitate visible light absorption? Can visible light activity be 

induced without midgap states and co-doping strategies suppress these states? 

• Does d3 and d10 doping suppress Ti3+ defects and affect the performance of the 

photocatalysts? 

• How are the bulk and surface properties affected by doping? 

• How do oxygen vacancies affect the performance of these catalysts? 

• How does the synthesis method affect the photocatalyst? 

• Is doping a viable strategy to facilitate visible light absorption and enhance the 

performance of photocatalysts? 
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Chapter 2: Methods 

This chapter discusses the synthesis method and characterization techniques used in the scope 

of the Ph.D. work. Most techniques were conducted at Imperial College London, and the data 

analysis was done by the author of this thesis. BET, EPR analysis, and photocatalysis 

measurements were done at the University of Oxford by Dr. Robert Jacobs, Dr. Arnau Bertran, 

and Baliana Shani respectively. The photocatalytic set-up used in this Ph.D. work was from 

Prof. Ian McCulloch Group. The error bars in the thesis work for the data analysis from the 

characterization techniques were added from the standard deviations after repeating 

measurements three times. 

2.1 Catalyst Preparation  

The sol-gel Pechini method has been used in this Ph.D. study as an alternative to solid-state 

synthesis as it leads to the formation of smaller nanoparticles. Smaller particles offer higher 

specific areas which facilitate enhanced photocatalysis or photoelectrocatalysis. In this work, 

with sol-gel Pechini the nanoparticles could be synthesized at temperatures as low as 500 °C. 

This is another advantage over the solid-state synthesis which generally occurs at temperatures 

higher than 900 °C. In the Ph.D. work, undoped and a series of doped SrTiO3 were synthesized 

with the sol-gel Pechini method.  

2.1.1 Goldschmidt’s Tolerance Factor 

In the Ph.D. work, before synthesizing the catalysts the Goldschmidt’s tolerance factor, t  was 

taken into consideration to determine the range up to which doping leads to single-phase 

materials.  SrTiO3 is an ABO3 type perovskite structure with a cubic unit cell having a lattice 

parameter a = 3.905 Å [1]. In SrTiO3, Ti4+ is co-ordinated by 6 O2- ions, and each Sr2+ ion is 

co-ordinated by 8 TiO6 octahedra or 12 O2- ions [1].  In a cubic closed packed SrTiO3, Sr2+ 

cations occupy the body centred position [1/2,1/2,1/2], Ti4+ the corners [0,0,0] and O2- ions the 

[(1/2,0,0);(0,1/2,0);(0,0,1/2)] position [2]. In perovskite structures, Goldschmidt’s Tolerance 

Factor is used to determine the structural stability of the samples [3]. The tolerance factor, t is 

derived for undoped and doped samples in the following equations [4]. 

𝑡 =
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
          (2.1) 

𝑡 =
𝑟𝐴+𝑟𝑂

√2((1−𝑥)𝑟𝐵+𝑥𝑟𝐵′+𝑟𝑂)
        (2.2) 

where, 

rA = Radius of A-site cation, Sr2+= 1.44 Å  

rA’ = Radius of co-dopant at A-site, La3+= 1.36 Å  

rA’ = Radius of Dopant at A site, Cs1+= 1.88 Å  

rB = Radius of B-site cation, Ti4+= 0.605 Å  

rB’ = Radius of Dopant at B-site, Ga3+= 0.62 Å 

rB’ = Radius of Dopant at B site, Cr3+= 0.615 Å 

rO = Radius of Oxygen anion, O2-= 1.4 Å 

x = Percentage doping 
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The tolerance factors were calculated from the equations, Eq (2.1) and Eq (2.2) for undoped 

and doped samples respectively. The tolerance limit of the perovskite materials should be 

within the range of 0.75<t<(=) 1. If t< (=) 1, it can be inferred, that the doped samples retain 

the cubic structure with no distortions upon Ga3+/ Cr3+ /La3+ doping. Takata, T. et al. [5] 

reported the phase purity of the 5 mol% Ga3+ doped SrTiO3 prepared with the solid-state 

synthesis. This mol% doping was chosen as the starting point for the tolerance factor 

calculations. Based on the tolerance factors, a series of Ga3+ and Cr3+ doped were synthesized. 

Based on this, another series of Cr3+, La3+, and Cs1+ co-doped SrTiO3 samples were synthesized. 

The synthesis process is discussed in the following section. 

2.1.2 Synthesis of undoped and doped SrTiO3 

Undoped SrTiO3 nano-powders were prepared by adding 2.85 mmol (0.81 g) of titanium (IV) 

isopropoxide (Sigma Aldrich, 99% pure) to 119.82 mmol (6.7 ml) of ethylene glycol (EG) (Alfa 

Aeser, 99.5% pure). The mixture was heated in a water bath set to  60 °C and stirred for 1 h. 

30 mmol (6.30 g) of citric acid monohydrate (CA) (Alfa Aeser, 99% pure) was added to the 

mixture as a chelating agent and stirred for another hour. 2.85 mmol (0.60 g) of Sr(NO3)2 

(Sigma Aldrich, 99% pure) were added to the mixture and stirred for a further hour aiming for 

a 1:1 ratio of Ti: Sr in pure SrTiO3. For the doped samples, the hydrated nitrates of the 

precursors (Sigma Aldrich, 99% pure) were added to the clear transparent mixture under 

constant stirring at 60 °C such that the overall B-site: A-site ratio was kept the same (1:1) and 

the [Ga3+/Cr3+]:([Ga3+/Cr3+]+[Ti4+]) molar ratio was adjusted to the required mol% doping 

concentration.  For the co-doped samples, the mmols of the hydrated nitrates of La3+ and Cs1+ 

were added next. After another hour, the metal citrate complex was heated to 197 °C for 6.5 h 

for polyestrification resulting in a brown resin as shown in Figure 2.1. The 197 °C temperature 

was selected such that the mixture and resin would dry reasonably well and were set to the 

boiling point of EG. 

 

Figure 2.1: Coarsely ground polyester with a hard glass-like texture after heating the gel to 

197 °C before further calcination. 

The brown resin was ground to a coarse powder using mortar and pestle. The ground material 

was then calcined at 450 °C, 500 °C, 600 °C, 700 °C, 800 °C and 900 °C for 6-10 h under 

airflow 1 (L/min) ramping up from room temperature with a rate of 5 °C/min and natural 
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cooling after 6-10 h. The calcined material was ground in an agate mortar to obtain the catalyst 

nanoparticles. Table 2.1 (a) and (b) list the stoichiometric amounts of precursors used for the 

samples. 

In the Pechini method, the stoichiometric amount of the dopant was directly added to the sol. 

A modification was introduced in a Cr-doped batch where a stoichiometric amount of 10  mol%  

Cr (114.04 mg)  dopant was dissolved in 6.7 ml of EG, and a stock solution was prepared. This 

stock solution was diluted further with EG to synthesize a serial dilution series of Cr3+ 

monodoped SrTiO3. From the stock, 3.35 ml of the solution was added to 10 ml measuring 

flash with EG. 1 ml of this solution was then added to the sol prepared as per the Pechini 

method described above to synthesize 10 mol% Cr doping. Similar dilutions were made by 

adding 1.34 ml, 0.67 ml, and 0.067 ml to EG in the 10 ml measuring flask to synthesize 2 

mol%, 1 mol%, and 0.1 mol% Cr doped SrTiO3. The serial dilution (SD) series was calcined 

at 800 °C under compressed air for 10 h resulting in faint yellow powders at low doping 

concentrations to red powders with higher  mol% doping. The undoped SrTiO3 was synthesized 

for all the different doped batches.  

Table 2.1 a: Stoichiometric composition of the doped samples synthesized with the sol-gel 

Pechini method 

Sample

s 

Mol% 

Mono-

Dopin

g 

Sr 

Precurso

r (g) 

 

n(Sr) 

/ 

mmo

l 

 

Citric Acid 

Monohydrat

e (g) 

 

n(CAxH2

O) [mmol] 

 

Ethylen

e Glycol 

(ml) 

 

n(ethylen

e glycol) 

[mmol] 

 

Undope

d 

0 0.60 

 

2.85 

 

6.30 

 

30.00 

 

6.70 

 

119.82 

 

0.5 Ga 0.5 0.60 2.85 6.30 30.00 6.70 119.82 

1Ga 1 0.60 2.85 6.30 30.00 6.70 119.82 

2Ga 2 0.60 2.85 6.30 30.00 6.70 119.82 

4Ga 4 0.60 2.85 6.30 30.00 6.70 119.82 

10Ga 10 0.60 2.85 6.30 30.00 6.70 119.82 

0.5 La, 

Ga 

0.5 0.60 

 

2.84 

 

6.30 30.00 6.70 119.82 

1La,Ga 1 0.597 

 

2.82 6.30 30.00 6.70 119.82 

2La,Ga 2 0.591 

 

2.79 6.30 30.00 6.70 119.82 

4La,Ga 4 0.58 2.74 6.30 30.00 6.70 119.82 

10La,Ga 10 0.54 2.56 6.30 30.00 6.70 119.82 

2Cr 2 0.60 2.85 6.30 30.00 6.70 119.82 

1La,2Cr 2 0.597 2.82 

 

6.30 30.00 6.70 119.82 

2La,2Cr 2 0.591 2.79 6.30 30.00 6.70 119.82 
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5La,2Cr 2 0.57 2.71 6.30 30.00 6.70 119.82 

10La,2C

r 

2 0.54 61.70 6.30 30.00 6.70 119.82 

1Cs,2Cr 2 0.597 2.82 6.30 30.00 6.70 119.82 

2Cs,2Cr 2 0.591 2.74 6.30 30.00 6.70 119.82 

5Cs,2Cr 2 0.57 2.71 6.30 30.00 6.70 119.82 

10Cs,2C

r 

2 0.54 2.56 6.30 30.00 6.70 119.82 

 

Table 2.1 b: Stoichiometric composition of the doped samples synthesized with the sol-gel 

Pechini method 

Samples Mol% 

Mono-

Dopin

g 

n(Ti) 

/ 

mmo

l 

 

Ti 

Precurso

r [mg] 

 

mmol

% 

Mono-

doping) 

 

M(Mono

-dopant) 

[mg] 

 

Mol% 

Co-

Dopin

g 

Mol% 

doping

) 

 

m(Co-

dopan

t ) 

(mg) 

 

Undoped 0 2.85 810.01 

 

0.00 

 

0.00 

 

- - - 

0.5 Ga 0.5 2.84 805.96 0.014 5.18 - - - 

1Ga 1 2.82 801.91 0.028 10.37 - - - 

2Ga 2 2.79 793.81 0.057 20.74 - - - 

4Ga 4 2.74 777.61 0.114 41.48 - - - 

10Ga 10 2.57 729.01 0.285 103.69 - - - 

0.5 La, 

Ga 

0.5 2.84 

 

805.96 

 

0.014 5.18 0.5 0.01 

 

6.17 

 

1La,Ga 1 2.82 801.91 0.028 10.37 1 0.03 

 

12.34 

 

2La,Ga 2 2.79 793.81 0.057 20.74 2 0.06 24.68 

4La,Ga 4 2.74 777.61 0.114 41.48 4 0.11 49.36 

10La,Ga 10 2.57 729.01 0.285 103.69 10 0.28 123.41 

2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

   

1La,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

1 0.03 12.34 

2La,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

2 0.06 24.68 

5La,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

5 0.14 61.70 

10La,2C

r 

2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

10 0.28 12341 

1Cs,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

1 0.03 5.55 
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2Cs,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

2 0.06 11.11 

5Cs,2Cr 2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

5 0.14 27.77 

10Cs,2C

r 

2 2.79 

 

793.81 

 

0.057 

 

22.81 

 

10 0.28 55.55 

In Table 2(a) and (b) ‘n’ denotes the number of moles 

The synthesized samples were characterized with different methods to understand their 

microstructural and opto-electronic properties. The characterization techniques are discussed 

in the subsequent sections.  

2.2 Microstructural Characterization 

2.2.1 Powder X-ray Diffraction (XRD) 

In crystallography, XRD is a non-destructive analysis technique that is used to quantify and 

determine the crystalline forms or phases present in a material. In 1913, William Laurence 

Bragg built on the observations of Max Laue (1912) about how a crystalline material with its 

repeated structural order acts as a diffraction grating for X-rays [6]. He then proposed Bragg’s 

law which forms the working principle of XRD [7]. This law is schematically illustrated in 

Figure 2.2 and can be mathematically expressed as Eq (2.3).  

nλ = 2 dhkl sin(θ)         (2.3) 

Where, 

n = Diffraction order (0, 1, 2….) 

dhkl = Interplanar spacings 

λ = Wavelength of X-rays 

θ = Bragg’s angle (X-ray incident angle) 

 

Figure 2.2:  A Schematic Diagram of Bragg’s Diffraction. 
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Bragg’s law states that when X-rays are incident on the crystal surface with an angle θ, they 

are scattered by the subsequent lattice planes as shown in Figure 2.2. When these scattered 

waves are in phase, they undergo constructive interference. Bragg’s law relates the scattering 

angle, θ, and the inter-atomic distance, dhkl to the wavelength of a diffraction order (an integer, 

n).  

Bragg’s law is a condition that is utilized by X-ray diffractometers to produce diffraction 

patterns. Diffractometers consist of a cathode ray tube, a goniometer, a sample holder, and a 

detector as shown in Figure 2.3. 

 

Figure 2.3:  A PANanalytical X’pert MPD XRD housing a goniometer that drives an optical 

path equipped with an X-ray tube with Cu Kα source, a sample holder, and a detector. 

The cathode ray tube consists of a filament that heats up to produce an electron beam. This 

electron beam is then bombarded onto the target material by accelerating it with a voltage. 

When the electron beam collides with the target material then it removes an electron from the 

inner shell. The vacancy left behind is filled by an electron from the outer shell and emitting 

X-rays. In the Ph.D. work, XRD diffraction patterns were collected with a PANanalytical 

X’pert MPD diffractometer. The XRD parameters used are consistent with all the materials 

synthesized. These parameters are recorded in Table 2.2.  

Table 2.2: XRD parameters used for data collection 

Target Material Cu Kα (1.5419 Å) 

2θ 20° - 80° 

X-rays 40 kV, 40 mA 

Step Size 0.0167113 

Time/Step (s) 24.765 

Scan Speed 0.085699 

 

In a diffractometer, the X-rays are collimated and directed towards the sample. The sample is 

loaded on sample holders and flattened with a glass slide. This ensures that the sample fills the 
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central part of the holder as shown in Figure 2.4 and the geometry is maintained for impinging 

the X-rays. Excess samples are removed.  

 

Figure 2.4:  Sample flattened and loaded on a sample holder before inserting into the 

diffractometer. 

In the diffractometer, the sample is oriented at an angle θ to the collimated X-ray beam and the 

detector is at angle 2θ to collect the diffracted beam. The emitted X-rays consist of two 

components- the kα and the kβ radiations. The kα radiation occurs when the electrons transition 

from the L-shell to the K-shell [8]. Whereas kβ radiation occurs when the electrons transition 

from the M-shell to the K-shell [8]. A goniometer maintains this orientation and rotates the 

sample. The diffraction pattern is obtained by scanning through a range of 2θ values. Phase 

identification is done by comparing the d-spacings and the diffraction peaks with reference 

patterns from databases such as ICDD. 

In material science, XRD is instrumental in identifying the phases, and calculation of crystallite 

sizes and lattice parameters. In doped semi-conductor materials, XRD analysis can be utilized 

to study the changes in crystallinity, lattice parameters, crystallite sizes, and microstrains. The 

studies conducted in the scope of this Ph.D. relating to the XRD are discussed in the succeeding 

sections.  

Lattice Parameters 

Doping can lead to a change in lattice parameters of crystal structure [9]. In cubic perovskite 

structures such as SrTiO3, the lattice parameters, a=b=c form the three dimensions of the unit 

cell. Hence, the cell volume can be expressed by the Eq (2.4) [10]. With the introduction of 

dopants, if the structure is maintained without any distortions, the same Eq (2.4) can be applied. 

Depending on the site of dopant introduction, dopant sizes, and point defects such as vacancies, 

the parent structure might expand or contract. 

Volume, V = a3         (2.4) 

Where, 

a = Lattice Parameter 

Changes in lattice parameters and the resulting expansions or contractions are fundamental 

topics of study in this Ph.D. work. The topic will be discussed in detail in Chapter 4. Lattice 
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parameters of the samples were measured from the XRD diffraction patterns after extracting 

the hkl values from Rietveld refining with GSAS-II. Rietveld refinement involves a least square 

method approach where the observed diffraction pattern is fitted with a calculated diffraction 

pattern. The refinement process involves fitting (pseudo-Voigt) the XRD peaks and refining 

the structural factors. The factors refined for the samples studied are the zero shift, the scale 

factor, the peak profile parameters (u, v, w), unit cell parameters, atomic positions, and site 

occupations. GSAS-II was used to refine the structure and obtain the miller indices which was 

then used in the UnitCell software to calculate the lattice parameters. 

The lattice parameters are fundamental to studying the geometry of the crystal lattices and how 

they respond to a change whether induced via doping or via any form of treatment like 

annealing in different atmospheres. In this Ph.D. work, the effect of change in lattice parameters 

on closely related microstructural components such as the crystallite size and the microstrain 

will be studied. The methods employed to study these factors are explored in the next sections. 

Coherently Scattering Domain Size 

Coherently scattering domain sizes are the crystalline domains in a particle. These domains 

have different orientations separated by grain boundaries as shown in Figure 2.5. Coherently 

scattering domain size has been used interchangeably with the crystallite size. Since the 

catalysts are mostly in the form of single crystalline particles, the crystallite size and the particle 

size are used as the same concept in this thesis. 

 

Figure 2.5:  A TEM micro-graph showing a crystallite adjoined to another crystallite with 

different orientations separated by a grain boundary highlighted in the white rectangle of a 

Ga3+ doped SrTiO3 sample. 

In photocatalysis, nanoparticle size is one of the fundamental material properties that affect the 

catalyst performance. With the XRD, two routes- the Scherrer equation and the Williamson-

Hall analysis, are undertaken to study crystallite sizes.   
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Scherrer Equation 

The Debye-Scherrer equation correlates the peak broadening (ß, FWHM) to the crystallite size, 

denoting an inverse relation i.e. broader the peak, smaller the crystallite size. The Eq for this 

relation is shown in Eq (2.5) [11].  

D = kλ/ ßDcosθ          (2.5) 

Where, 

ßD = Peak Broadening in Radians = FWHM 

k = Shape Factor = 0.9 

λ = 1.5419 Å = Wavelength of X-ray source (Cu Kα) 

D = Crystallite Size 

θ = Peak Position 

In the Scherrer equation, the peak broadening is due to the crystallite size.  It does not consider 

factors such as the microstrain, dislocations, or other lattice defects. In semiconductor physics, 

the microstrain is an important lattice characteristic to understand defects. This strain is 

localized to a few lattice spacings and occurs in the vicinity of defects such as dislocations, 

grain boundaries, or point defects [12]. The microstrain contributes to peak broadening as well. 

The effect of microstrain will be discussed in detail in Chapter 4. Here, the microstrain is 

measured with the Williamson-Hall method which is discussed in the succeeding section.  

 Williamson Hall (W-H) Analysis 

In the Williamson Hall analysis of crystallite size, the peak broadening is due to both the 

crystallite size (ßD) and the microstrain (ße) [13]. Mathematically, the total peak broadening 

(ßT) is expressed as Eq (2.6). The strain due to the crystallite size and microstrain are expressed 

as Eq (2.7) and Eq (2.8). 

Total Broadening, (ßT) = ßD + ße       (2.6) 

ßD = kλ/Dcosθ          (2.7) 

ßε = 4εtanθ           (2.8) 

Inserting Eqs (2.7) and (2.8) into Eq (2.6) gives: 

ßT = kλ/Dcosθ + 4εtanθ        (2.9) 

ßT = kλ/Dcosθ + 4εsinθ/cosθ        (2.10) 

ßTcosθ = ε(4sinθ) + kλ/D        (2.11) 

For the estimation of the crystallite with W-H analysis, the diffraction pattern is first peak fitted. 

Two types of peak fittings were tried – Lorentzian and Pseudo-Voigt (PS1) as shown in Figures 

2.6(a) and 2.6(b). It was observed that a Pseudo-Voigt (PS1) fitting is more accurate than a 

Lorentzian fitting. After the peak fitting, the FWHM is extracted along with the 2θ values. 
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From these two values, the 4sinθ and ßcosθ as expressed in Eq (2.10) were calculated, plotted, 

and fitted with two linear regressions. The intercepts were extracted as the average crystallite 

size and the slopes as the microstrain. The presence of two linear regressions indicate the 

presence of two average size – microstrain regimes which show that the particles are not 

homogenous in size or strain. In Figure 2.6(c), each point represents the 9 XRD peaks measured 

from 30° to 90° 2θ values. Eq (2.11) gives a straight-line Eq, y = mx + C. Here, y (= ßTcosθ) 

and the slope, m gives the microstrain (ε). The x in the straight-line Eq is denoted as 4sinθ and 

the intercept, C (= kλ/D) gives the average crystallite size. In the scope of this Ph.D., all fittings 

were done with OriginPro. Instrumental broadening was considered in both cases of the 

Scherrer and the W-H method, as shown in Eq  (2.12). 

ß T = √ß𝑠
2 − ß𝑖

2         (2.12) 

Where, 

ßs = Broadening due to the sample 

ßi = Broadening due to instrument 

 

 

Figure 2.6:  W-H analysis with the XRD pattern of sample SrTi(0.96)Ga(0.04)O3 (a) Lorentzian 

fitting of peak (110) (b) Voigt fitting of peak (110) (c) Linear fitting of 4sinθ and ßcosθ with 

(a) (b)

(c)
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two lines (Pearson’s r =0.96 and 0.87). The different intercepts and slopes of the line indicate 

the presence of two size-strain regimes. 

Eqs (2.7) and (2.8) assume the Uniform Deformation Model (UDM). In the UDM of the W-H 

analysis, the strain is assumed to be isotropic i.e. it is uniform in all directions[14]. Devesa, S.  

et al. [14] also argue that in their material, the microstrain influences the size as per Eq(2.7). 

Ungar, T. et al. [15][16] proposed the use of scaling factors considering dislocations while 

analyzing peak profiles which reduces the complexities associated with the W-H analysis.  

 

Figure 2.7:  (a) TEM image of 4 mol% Ga3+ doped SrTiO3 nanoparticles (b) Size distribution 

calculated from the TEM distribution.  

Figure 2.7 shows the TEM distribution of 4 mol% Ga3+ doped SrTiO3 nanoparticles. The 

particle sizes were measured with the Scherrer equation, the W-H analysis, and the TEM. The 

distribution with a mean size of 17.67 nm as shown in Figure 2.7 (b) was closer to the size 

calculated with the Scherrer equation. Therefore, the particle size was calculated from the XRD 

data with the Scherrer equation throughout this study. The full discussion on the comparison 

of techniques i.e. the XRD and the TEM to determine the crystallite size is shown in Chapter 

6. 

High-Temperature XRD 

High-temperature XRD analyses were carried out to study the effect of aging in the catalyst 

materials. In the materials synthesized during the Ph.D. work, it was observed that secondary 

oxide phases formed in the samples after a prolonged storage period (over 3 months). With the 

objective of studying the thermal stability of the oxides formed in the aged photocatalysts and 

to determine whether these oxides decompose at elevated temperatures in an inert N2 

environment, a study was undertaken with the high-temperature XRD. For this study, 

experiments were conducted on a PANanalytical Empyrean with Cu kα X-ray tube using an 

Anton Parr heating chamber as shown in Figure 2.8 (a). The samples were heated from room 

temperature (25 °C) to 910 °C. The powder samples were placed on an alumina crucible and 

then loaded in the diffractometer for sample preparation. It was observed that these oxide 

phases disappeared when heated at 800 °C and above. At these temperature conditions, the 

phase pure parent cubic crystal structure was regained. There were no observed changes to the 

cubic perovskite structure upon cooling down to room temperature. Figure 2.8 (b) shows the 

(b)(a)
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XRD pattern of the aged photocatalysts and the decomposition of the oxide phases at elevated 

temperatures (≥ 800 °C). 

 

Figure 2.8:  (a) PANanalytical Empyrean high-temperature XRD (b) HT-XRD pattern of 3 

mol% Ga3+ doped SrTiO3 measured at 25 °C-910 °C-25 °C showing the decomposition of the 

oxide phases at temperatures ≥ 800 °C and recovery of the phase pure cubic perovskite 

structure. The oxide phases are demonstrated by the dotted line. * Are the peaks from the 

alumina crucible.  

Adding dopants in SrTiO3 changes the microstructural properties significantly which affects 

catalytic activity. The techniques discussed in the following section were employed to study 

the effect of doping on aspects such as the optical and electronic properties of the materials. 

2.2.2 Transmission Electron Microscope (TEM) 

The morphology of the nanoparticles was investigated with the transmission electron 

microscope (TEM). The working principle of the TEM is based on the transmission of an 

electron beam through a specimen to form an image. It comprises an electron gun which is the 

source of the electron beam at the top of the TEM housing. The beam is focussed by the 

condenser system comprising of a condenser lens and aperture and directed towards the 

specimen. The condenser lens focuses the electron beam onto the specimen by controlling the 

intensity and convergence. The aperture on the other hand is a small adjustable opening that 

controls the electron beam passing through the condenser lens. After specimen interaction, the 

beam passes through the objective lens which focuses the beam to form an image. With high 

resolutions and high magnifications, TEM is used to study a material at its atomic level. The 

TEM housing system is illustrated in Figure 2.9.  

(a) (b)

*

*

*

*

*

*

*

*

*

*

*

**

*

*

*

*

*

*

*

*

*

**

*

*

*



Chapter 2 
 

45 
 

 

Figure 2.9:  Principle parts of a TEM housing. Image reproduced with permission from the 

Book: Membrane Characterization, Chapter 8-Transmission Electron Microscope by C. Y. 

Tang and Z. Yang, Copyright © 2017 Elsevier B.V. All rights reserved [17].  

In the scope of the Ph.D. study, two TEM systems-JEOL2100Plus and JEOL2100F with EDX 

detectors were used to study the nanoparticles. TEM was used to study the nature of the 

nanoparticles with the diffraction pattern, the lattice spacings, and the particle sizes. The 

information obtained about the nanoparticle size distribution and crystal plane positions were 

then compared with the XRD to relate the data obtained from different techniques. For TEM 

analysis, sample preparation was done by dispersing 1 mg of the nanoparticles in 2 ml 

isopropanol (IPA) and sonicating for 10 min. The dispersed solution was then loaded on a holey 

carbon film with a Cu grid (300 mesh) as shown in Figure 2.10. Holey carbon films were used 

as the perforations to facilitate the electron beam to pass through without any interaction with 

the samples. This allows for higher-contrast images by reducing background noises. The 

samples were then loaded on a single tilt specimen holder and guided into the microscope for 

imaging. The TEM operating conditions employed were 200 kV HT voltage with a beam 

current of 104-108 μA.   
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Figure 2.10: Samples for TEM analysis dispersed on holey carbon film with Cu grid. Image 

reproduced from the Electron Microscopy Sciences website. Accessed on 27.06.2024) [18].  

The nanoparticles were also studied in the STEM mode with JEOL2100F. In this mode, the 

electron beam is focused to a narrow point that is used to scan in a raster pattern over a surface. 

This mode was useful, especially in studying the incorporation of the dopant in the 

nanoparticles with energy dispersive X-ray spectroscopy (EDX) and how the dopants are 

distributed in the structure. 

Energy Dispersive X-ray Spectroscopy (EDX) 

EDX was used in the scope of the Ph.D. to study the extent of incorporation of the dopants, 

quantification, and element mapping. The EDX system is housed with the JEOL2100F with 

the sample preparation techniques as discussed in the previous section. The working principle 

of EDX is based on the emission of X-rays when outer shell electrons fall back into the 

vacancies created when inner shell electrons are ejected in interaction with the electron beam. 

The emitted X-rays are detected by the EDX which then gives a spectrum. The peaks in the 

spectrum correspond to the unique energy levels that each element in the sample possesses. 

This in turn helps in the identification of the elements present. With the TEM analysis, the 

microstructural analysis of the nanoparticles was conducted as shown in Figure 2.11 and then 

correlated with the information gathered from the XRD.  
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Figure 2.11: TEM analysis on the SrTi(0.96)Ga(0.04)O3 (N2) to analyse the lattice spacings, the 

nature of the materials, EDX, and the diffraction pattern. 

Besides the size, the surface areas of the samples are also an important determinant of the 

photocatalytic activity. The BET technique probed the surface areas via the N2 and CO2 

isotherms. The workings of this technique are discussed in section 2.5.5. 

2.3 Optical Measurements 

2.3.1 UV Vis Spectrophotometer 

The working principle of UV vis spectroscopy lies in the transition of electrons from the ground 

state to an excited state upon light absorption. These transitions upon absorbing certain 

wavelengths of light produce a unique spectrum for each material. In this Ph.D. work, UV-vis 

measurements were conducted in reflectance mode to study the band gaps of the photocatalysts, 

the absorbance wavelengths from the Kubelka Munk function, and the presence of mid-gap 

states. UV-vis characterization was performed with a Shimadzu UV-2600 instrument with an 

integrating sphere (ISR-2600, Shimadzu) and with BaSO4 as a scattering reference as shown 

in Figure 2.12. In the integrating sphere, the light undergoes multiple reflections before entering 

the detector [19]. For sample preparation, the powder materials were put in a 1 mm thick 

cuvette and were loaded in the reflectance port of the integrating sphere. Baseline 

measurements were carried out before the diffuse reflectance measurements with a strongly 

scattering BaSO4 reference.  

(a) (b)

(c) (d)
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Figure 2.12:  (a.) A Shimadzu UV-2600 instrument for UV vis measurements (b.) An 

integrating sphere. 

The band gaps are calculated from the Tauc plots i.e. from the intersection of the linear fits of 

the (αhν)2 vs energy plot. The band gap of SrTiO3 lies in the range of 3.2 eV -3.7 eV with the 

indirect band gap between 3.2 eV -3.4 eV and a direct band gap of about 3.7 eV [20],[21],[22]. 

In the Tauc plot, the axes denote the terms labelled as Eq (2.13) and Eq (2.14).  

X-axis: Energy = hν          (2.13) 

Y- axis : [F(R)hν]n         (2.14) 

where, 

n = ½ for indirect allowed transition 

n = 2 for direct allowed transition 

Allowed transitions follow symmetry selection rules which determine if an electronic transition 

between energy levels is permitted. In such cases, the momentum matrix element of the 

transition is non-zero. These transitions require the conservation of momentum and energy. For 

the UV-vis experiments related to the doped samples, all measurements were done in the 

reflectance (diffuse) mode due to the opaque nature of the materials. From the diffuse 

reflectance data, Kubelka Munk function [F{R}] was calculated using the following Eqs[23]: 

Absorption Coefficient: K = (1-R)2       (2.15) 

Scattering Factor: S = 2R         (2.16)  

Kubelka Munk Function: F(R) = K/S       (2.17) 

F(R) = (1-R)2/2R         (2.18) 

(a) (b)
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From the diffuse reflectance UV-vis analysis, both the direct and indirect bandgaps of the 

materials were calculated via the Kubelka-Munk equation. In the direct allowed bandgaps, the 

top of the valence band and the bottom of the conduction band lie at the same crystal 

momentum whereas in the indirect bandgaps, these are at different points as shown in Figure 

2.13. In solid state physics, the concept of crystal momentum is defined as the effective 

momentum of electrons in a crystal lattice.   

 

Figure 2.13:  Difference between (a) direct and (b) indirect bandgaps with respect to the 

crystal momentum reproduced with permission from the work of Singh, A.K. et al. [24] (open 

access, licensed by CC-BY 3.0). 

2.3.2 Photoluminescence (PL) Spectroscopy 

PL measurements were used to study the electronic structure and structural properties with 

respect to defects present in the materials. The working principle of PL measurement is 

radiative recombination. This occurs when an electron in the conduction band recombines with 

a hole in the valence band to emit a photon [25]. In PL spectroscopy, photoexcitation takes 

place by absorbing certain light wavelengths where an electron is excited to a higher state. 

When this electron relaxes and comes back to its original state, a photon is emitted which 

results in the PL spectrum [25]. 

In the scope of the Ph.D. study, two PL instruments were used as shown in Figure 2.14. The 

instruments used were the Flourolog-3 Spectrofluorometer (Horiba Jobin Yvon) and the Cary 

Eclipse Fluorescence Spectrophotometer (Agilent Technologies). In both cases, the samples 

were excited with 295 nm, and a PL spectrum was collected from 350 - 550  nm. Samples were 

filled in a 1 mm wide quartz cuvette and then loaded into the sample holder of the instrument 

and the spectrum was measured.  

(a) (b)
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Figure 2.14: PL measurement instruments used in the Ph.D. work (a) Fluorolog-2 

Spectrofluorometer (Horiba Jobin Yvon) (b) Cary Eclipse (Agilent Technologies. 

2.3.3 Time-Correlated Single Photon Counting (TCSPC) 

TCSPC was used to study the fluorescence lifetimes of the materials. In this method, a laser 

diode is used as an excitation source. The working principle of the TCSPC involves the 

excitation of electrons from the ground to excited states. Like the PL, when the electrons fall 

back to their original state, a photon is emitted if the recombination path is radiative. The 

instrument records the time between the pulsed excitation and when a single photon is emitted. 

In TCSPC, after excitation, the probability of detecting that single photon at an instant (say, t) 

is proportional to the fluorescence at that instant [26],[27].  

Time-resolved PL spectroscopy via TCSPC is essential for measuring the recombination 

lifetimes of the samples. In this technique, the materials are excited with short laser pulses (282 

nm, HORIBA, with a repetition rate of 1 MHz), and the decay of the excited states is monitored. 

The decay time is the average time the excited states take to decrease 1/e (~ 37%) of its initial 

value. For all the measurements, an instrument response function (IRF) is measured alongside 

the sample decay responses. Both these responses are then interpreted to measure the average 

decay time. To measure the lifetimes of the samples synthesized in the Ph.D. study the IRF and 

decay time were deconvoluted with a three-exponential fitting according to Eq (2.19). 

X = A1+(B1)e
(-t/T1)  + A2+(B2)e

(-t/T2)  + A3+(B3)e
(-t/T3)     (2.19) 

Where, 

X = Measured intensity at a given time during the decay process 

A(1,2,3) = Baseline value of the signal of any non-decaying background 

B(1,2,3) = Magnitude of the decaying signal 

T(1,2,3) = Decay time constant 

t =  The time elapsed during the decay process 

(a) (b)
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 The average lifetimes of the samples were measured from the exponential fitting via the 

HORIBA Da6.8 software and deconvoluted decay time constants were extracted. All samples 

were excited with λexc = 282 nm.  The average lifetimes were calculated with Eq (2.20). 

Average Lifetime = ∑
𝐴∗(𝑡)^2

𝐴∗𝑡

𝑛
𝑖=0         (2.20) 

The IRF was measured with a frosty glass at 282 nm excitation. To measure the decay time, 

exponential fitting was done with HORIBA DA6.8 fitting software to deconvolute the 

lifetimes. A 3.2% density filter was used to filter scattering light from the excitation source. 

The TCSPC setup used in the Ph.D. study is shown in Figure 2.15. 

 

 

Figure 2.15:  A HORIBA DeltaFlex TCSPC setup was used in the Ph.D. study to measure the 

lifetimes of the synthesized photocatalysts. 

Sample preparation was like the other optical measurements where a 2 mm quartz cuvette is 

filled with the samples and then loaded onto the instrument. The TCSPC along with the PL and 

the UV vis spectroscopy were instrumental in studying the optical properties of the samples 

and how doping with d10 and d3 elements affect these properties. The changes in the optical 

properties can be related to the microstructural changes induced by doping. The effects will be 

discussed in detail in succeeding chapters. Another effect of doping is on the electronic 

structure of the materials. In the Ph.D. study, the electronic structure was studied in detail with 

the XPS and the Kelvin Probe which is discussed in the next section. 
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2.4 Electronic Measurements 

2.4.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to study the surface chemical composition of the materials and the intrinsic 

parameters such as the valence band-Fermi level separation and the work function. The 

working principle of XPS is based on the interaction between the monochromatic, incident X-

rays and the sample surface. On absorption of the X-rays, electrons are ejected from the surface 

with a certain kinetic energy.  This energy can be related to the binding energy, the instrumental 

work function, and photon energy by Eq (2.21) [28]. 

Ek = hν – (Eb + ϕ)          (2.21) 

Where, 

Ek = Kinetic energy of the ejected electron 

Eb = Binding energy 

ϕ = Work function of the instrument 

hν = Incident photon energy 

The XPS setup as shown in Figure 2.16 consists of an X-ray source and a vacuum chamber that 

allow electrons to move freely after emission from the surface. A lens system focuses the 

electron beam and guides it into the concentric hemispherical analyzer system. This analyzer 

guides the electrons moving with a given kinetic energy into the detector.   

 

 

Figure 2.16:  Schematic of the working parts of the XPS reproduced from the book, 

Microstructural Characterization of Materials by Brandon, D. and Kaplan, W. D. (Copyright 

© 2008 John Wiley & Sons, Ltd) [28] . 

Samples for elemental analysis and the valence band-fermi level were prepared by loading the 

samples on carbon tape on a stainless-steel plate of the holder as shown in Figure 2.17 (a). For 

work function measurements, samples were loaded on conductive copper tape on a stainless-
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steel holder with an in-built Au reference (yellow square, *)  as shown in Figure 2.17(b). In the 

Ph.D. work, XPS measurements were carried out on a Thermo Scientific K-alpha+ instrument. 

Mono-chromated Al Kα X-ray radiation with hν = 1486.6 eV was used to eject electrons from 

the sample surface. Sample charging was minimized by using a flood gun. Charge correction 

of the samples was done by referencing to the adventitious carbon in the C1s peak with 284.8 

eV binding energy.  

 

Figure 2.17: XPS sample preparation for (a) Elemental and valence band analysis (b) Work 

function analysis holder with the gold patch (*) that is used as the reference before each 

measurement. 

In the Ph.D. work, XPS was used as one of the techniques to study the work function. Work 

function is defined as the energy difference between a point in a vacuum and the fermi level. It 

is the minimum energy required to remove an electron to a point outside the atom [29]. In 

semiconductor physics, the work function is used to study electron emission [30] and electron 

flow [31]. The work function has a bulk component and a surface component [32]. In the 

context of this Ph.D., only the work function of the surface component will be considered. The 

surface work function of a material arises from two contributions [32]: 

1.) Electron chemical potential which gives the fermi level with respect to the vacuum. 

2.) Surface dipole is the energy barrier to remove the electron from the surface. 

Mathematically, the contributions can be represented by the expression proposed by Wigner 

and Bardeen [32] which is as follows: 

ϕ = -μ + D          (2.22) 

μ = Bulk chemical potential relative to the mean electrostatic potential [33] 

D = Energy required to overcome the surface dipole barrier [33]   

In literature popular experimental techniques such as the UPS [32],[34],[35], X-ray Photo-

electron Spectroscopy (XPS) [36] and  Kelvin Probe [37],[38],[39]  are used to study work 

functions. In this Ph.D. two methods were employed to study the surface work function which 

is as follows: 

*
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1.) Kelvin Probe which gives a relative work function based on measuring the Contact 

Potential Difference (CPD) between the probe tip and the sample surface. 

2.) Work Function-XPS to measure the work function from a secondary electron cut-off 

[40]. 

For the XPS work function analysis, a different holder was used. This holder has a metal contact 

that provides the bias during the work function measurement as shown in Figure 2.17 (b). The 

work function spectrum is convoluted with the instrument work function. To separate these two 

effects, a negative bias must be applied. To get the final work function, the bias must be 

subtracted from the extrapolated value of the kinetic energy spectrum recorded by the 

instrument. The measurements were referenced against a gold sample. The work function of 

the sample is calculated from the energy cut-off as demonstrated by  Eq (2.23). 

ϕ = hν – Ecut-off         (2.23) 

For the bias measurements to give a reading, the contact arm must be rotated so that it contacts 

the holder, and the voltage is applied. The Kelvin Probe method was the second method used 

to compare the work functions. This method is discussed in detail in the following section. 

2.4.2 Kelvin Probe 

The Kelvin probe technique was used to measure the work function. The working principle of 

the Kelvin probe is based on the contact potential difference (CPD). The Kelvin probe consists 

of a vibrating tip, a sample stage, and electrical contact as shown in Figure 2.18 (a). It is a non-

contact form of work function measurement.   

 

Figure 2.18:   (a) Principle of the Kelvin Probe setup. (Image reproduced from the Tutorial 

on Kelvin Probe Measurements by Dr. Rudy Schlaf) [41]. The central image is the sample 

prepared for the Kelvin probe measurements during the Ph.D. work. (b) Sample preparation 

by doctor-blading samples on FTO glass. 

(a)
(b)
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When two conductors, the KP tip and sample with different work functions (ϕTip and ϕSample) 

are kept in close contact with each other, a potential difference is created. In this condition the 

ϕTip> ϕSample. When the tip and sample surface are electrically connected then charges are 

created. Electrons flow from the low work function sample to the high work function tip until 

equilibrium. The sample becomes positively charged and the tip is negatively charged. The 

potential difference at equilibrium is equal to the contact potential difference (CPD). There is 

a distortion of the vacuum level as the fermi level of the sample and the tip are aligned. To 

realign the vacuum level, an AC bias is applied to counter the CPD. To measure the CPD from 

the Kelvin probe, an Ag reference is used. This principle is shown in Figure 2.18 (a). 

For the Kelvin probe measurements, samples were prepared by drop-casting the catalysts on 

FTO glass. The catalysts were heated at 400 °C to clean the surface for 30 min. 2 mg of the 

catalyst was dispersed in 5 ml IPA solution and sonicated for 30 min. The dispersed solution 

was drop-cast on a clean FTO substrate. The prepared FTO samples were heated at 80 °C for 

6 h to dry. The prepared sample is shown in Figure 2.18 (b). All measurements were carried 

out at ambient temperatures (25% relative humidity) in a KP Technology instrument. The work 

function measurements are surface sensitive. The Kelvin probe method is carried out in the 

ambient while the XPS is under vacuum. Therefore, the Kelvin probe method has a higher 

chance of considering the surface adsorbates in the work function values. Another error that 

could arise with the Kelvin probe samples is the poor coating of the catalyst films. Therefore, 

the value obtained with the XPS is considered more accurate in the Ph.D. work. 

2.4.3 Electron Paramagnetic Resonance (EPR) 

Continuous wave (CW) EPR spectroscopy is a technique that studies materials with unpaired 

electrons. In this technique when a material is placed in a magnetic field the degeneracy 

associated with the spin states of the paramagnetic center is removed. This basic principle on 

which the EPR technique is based is called the Zeeman effect. When the unpaired electrons are 

placed in the magnetic field, two spin states are created i.e. ms = ± ½. The energy difference 

between the two spin states is given by Eq (2.24) [42]. 

∆𝐸 = ℎ𝜈 =  𝑔ß𝐵         (2.24) 

Where, 

g = g-factor  

B = Magnetic field 

h = Planck’s constant = 6.626 x 10-34 J/s 

ß = Bohr′s Magneton 

During the EPR measurements, the g-factor in Eq (2.24) changes with the application of the 

magnetic field. In the EPR measurements, the concept of hyperfine splitting is fundamental. 

Hyperfine splitting arises due to the interaction between nuclear and electronic spin magnetic 

moments which result in the splitting of the spectrum into 2nI + 1 lines with n being the number 

of identical nuclei and I the nuclear spin. Electromagnetic radiations can facilitate the 
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transitions between the spin states when the resonant condition is met according to Eq (2.25) 

[42]. 

ℎ𝜈 =  𝑔ßBO          (2.25) 

Where, 

BO = Resonant magnetic field where absorption occurs 

EPR in the Ph.D. work was used to study the effect of the oxidation state of Cr-doped SrTiO3. 

This can be elucidated from the g-factor and the hyperfine coupling constants.  The samples 

were flame-sealed under vacuum in 3.8 mm OD 3.0 mm ID quartz tubes. Measurements were 

carried out at X-band (~9.4 GHz) in a Bruker EMXmicro equipped with a Super High 

Sensitivity Probehead cavity. Temperature was controlled using an Oxford Instruments cryostat 

with nitrogen or helium flow. Illumination for the photo-excitation was achieved using an Xe 

arc lamp coupled to the optical window of the EPR cavity via a liquid waveguide. All spectrum 

were background corrected by subtracting the signal from an empty tube measured in the same 

conditions, and the magnetic field offset was corrected using an N@C60 standard. Solid-state 

EPR simulations were carried out using the pepper function of the EasySpin Matlab toolbox. 

2.5 Performance Tests 

2.5.1 Photoelectrochemical (PEC) Measurements 

To measure the performance of the photocatalysts, PEC analysis was done. The principle of 

PEC is based on the generation and the separation of e—/ h+ pairs upon irradiation followed by 

the migration of the charges to the catalyst surfaces where the reaction occurs. In the scope of 

the Ph.D., the PEC testing was done in a H-cell as shown in Figure 2.19.  

 

Figure 2.19: A single compartment of the H-cell. Image reproduced from the  

Photoelectrochemical cells, Redox.me website. Accessed on 27.06.2024 [43]. The figure 

demonstrates the arrangement of the electrodes used during the PEC measurements in the 

Ph.D. work with the reference being placed close to the working electrode. 

The catalysts were tested under both light and dark conditions. The light source used was a 

WaveLabs SINUS-70 solar simulator. The light conditions utilized were AM1.5G (1 Sun, 100 

mW/ cm2) and UV (40% intensity, 40 mW/cm2) light. For the experiments, a single 

compartment of the H-cell was used as a three-electrode system in 1 M KOH (pH= 13.6) with 

Ag/AgCl (Sat. KCl) as the reference electrode and a Pt wire as the counter electrode. The 

Working Photo-Electrode

Reference Electrode

Counter Electrode
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reference electrode was placed closer to the working electrode to ensure the minimization of 

the ohmic losses. For cyclic voltammograms and linear sweeps, a scan rate of 20 mV/s was 

used. All potentials were converted to the RHE scale with the Nernst Eq (Eq (2.26)). 

ERHE = EAg/AgCl + 0.059pH + Emeasured       (2.26 ) 

For the sample preparation, the FTO glass slides were cut into 5 cm x 2 cm sizes and cleaned 

with soap solution, DI water, Acetone, and IPA. 15 mg of the catalyst powders were sonicated 

in 2 ml IPA solution and the doctor bladed on the FTO glass slides. Post-doctor blading, the 

slides were annealed at 400 °C for 30 min to remove any contaminations. To improve adhesion 

and block the metallic FTO surface from interfacing with the electrolyte, a 10 nm thin blocking 

layer of TiO2 was deposited by ALD under the following conditions as discussed in section 

2.5.3.  

2.5.2 Photocatalytic Set-up 

In the Ph.D., preliminary work is being carried out on the Ga3+ doped SrTiO3 samples in a gas 

phase loop photocatalytic set-up for CO2 hydrogenation. The set-up comprises 10 valves to 

control the flow of gas into the system and 3 mass flow controllers for N2, H2, and CO2. The 

principle of operation of the setup involves purging the gas lines with N2 to eliminate any 

residual gases and injecting H2 and CO2 in a controlled ratio (3:1). The catalyst samples were 

doctor-bladed on quartz glass and placed inside the reactor (volume = 0.0000846 m3) so the 

surface is illuminated under simulated solar irradiation for 12 h.  The light source was an Asahi 

303-Max Xenon lamp with a UV-visible filter with a 300 nm cut-off. The lamp was calibrated 

to 1 sun with a NEWPORT cell with a KG5 filter. The products were analyzed with a GC 8860 

fitted with an FID and TCD detector. For sample preparation, 3 mg of the catalyst powders 

were dispersed in 3 ml IPA and sonicated for 10 min which were then doctor-bladed on glass 

slides. The slides were annealed at 450 °C for 30 min and were kept in vacuum prior to 

measurements. 

 

Figure 2.20:  The photocatalytic set-up used for the CO2 hydrogenation studies from Prof. Ian 

McCulloch's group. 
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2.5.3 Atomic Layer Deposition (ALD) 

For the Ph.D. study, a custom thermal ALD setup was used to deposit thin TiO2 thin films on 

FTO glass to improve the quality of the photoelectrode. The ALD can be operated safely to 

deposit thin films up to 200 °C. The heating of the ALD (oven and the furnace) and precursors 

is controlled by PID- heaters.  Before depositing the thin films, the FTO glass (5 cm x 2 cm) 

was cleaned by sonicating in a soap solution, DI water, Acetone, and IPA for 15 min 

respectively. The cleaned glass slides were oxygen plasma cleaned. The ALD conditions are 

tabulated in Table 2.3. 

Table 2.3: ALD conditions used for the 10 nm thick blocking layer on the FTO 

No. of Cycles 167 

TDMAT Pulse 0.1 sec 

Ox Pulse 0.02 sec 

TDMAT Purge 15 sec 

Ox Purge 20 sec 

Carrier Gas (N2) Flow rate (2 MFCs) 5 sscm 

Furnace Temperature 100  °C 

 

After the modifications carried out at the start of my Ph.D., the ALD can accommodate four 

metal precursors and one oxidizer (H2O). The set-up has 4 three-way valves and 3 two-way 

valves supplying the precursors and oxidizer as illustrated in Figure 2.21. Two mass flow 

controllers supply N2 via the main reactor and to the N2 supply lines connected to the three-

way valves. At the two-way valves, higher vapor pressures will facilitate the movement of the 

precursors without the requirement of N2 supply lines. N2 has two functions in the ALD as a 

carrier gas and for purging. 

 

Figure 2.21:  The valves set-up in the atomic layer deposition instrument, MSRH, Imperial 

College London. The valves are supplied with N2 which is the carrier gas for the precursors in 

the set-up. 
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The synthesized catalysts were characterized by various techniques to study the material 

properties such as the morphology, the microstructural properties, and the opto-electronic 

properties. The characterization technique employed to study the thickness of the ALD 

deposited materials is discussed in the succeeding section.  

2.5.4 F20 Interferometer 

An important aspect is the precise control of the thickness of the ALD layers hence measuring 

the thickness and knowing the growth per cycle (GPC) of the ALD deposition are both crucial. 

The GPCs were measured with an F20 interferometer (FilmMetrics, Munich). The GPCs or the 

film thickness is measured via the phase difference of the interference patterns generated by 

the upper and lower surfaces of the thin films [44]. When the films are too thin, it is difficult 

to get the phase difference as the interference patterns completely overlap, hence measuring 

the GPC is more reliable on thicker ALD films. 

For the experiments conducted, the ALD TiO2 layers were deposited on clean Si substrates. n, 

k data files at different wavelengths were loaded into FilmMetrics software and the thickness 

was measured at wavelengths 200 nm to 1100 nm and 350 nm to 1400 nm. The parameters n, 

and k denote the refractive index and the extinction coefficient respectively. Two scenarios 

based on wavelength regions were seen as shown in Figure 2.22. The goodness of fit in the 

measurement of 200 nm to 1100 nm was 0.793. Here, the curve did not fit well in the UV region 

up to 350 nm. The goodness of fit in the measurement of 350 nm to 1400 nm was 0.99. With a 

band gap of about 3.2 eV, this region recorded the band edge absorption but the n, k data in the 

database could not fit additional absorption features of the amorphous TiO2 layers. However, 

fitting the band edge is typically good enough to estimate the thickness of the films and hence, 

better fitting laws were not developed which would have required the use of ellipsometry.   

 

Figure 2.22:  Growth per cycle (GPC) measurements of thin films using F20 Interferometer.  

From Figure 2.21, considering the measurement region 350 nm to 1100 nm with the goodness 

of fit of 0.99 we can measure the thickness of the TiO2 layer at 10.27 nm for 167 cycles. From 

this, we can infer that the ALD GPC of TiO2 (TDMAT Precursor) is 0.06 nm at 100 °C furnace 

and 75  °C precursor temperature. New thin film measurements were done on TiO2 samples for 

700 and 1000 cycles at temperatures 75 °C,120 °C, and 80 °C. From the above interferometer 

analysis, with goodness of fit nearly 1 (approx. 0.99), the GPC of TiO2 can be measured at 
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0.052 nm per cycle for 700 cycles at 120 °C and 0.062 nm for 1000 cycles at 80 °C which can 

be summarized in the following Table 2.4. Abendroth, B.  et al. [45] has reported the GPC of 

ALD TiO2 between 0.033 nm to 0.067 nm which compares well with the Ph.D. samples.  

Table 2.4: Growth per cycle of TiO2 films at different temperatures 

Sr. No Temperature ( °C) No. of Precursor 

Cycles 

Growth per cycle 

(nm) (value ± 0.01)a 

1 75 167 0.06 

2 80 1000 0.06 

3 100 1000 0.06 

4 120 700 0.05 
a The error bars were added after refitting the data with the FilmMetrics software. 

 2.5.5 Brunauer-Emmett-Teller (BET) Analysis 

In catalysis, the specific surface area is a key parameter in determining the reaction rate [46]. 

To measure the surface area in the Ph.D. study BET was employed. With this technique, the 

specific surface area along with the pore sizes of the materials was measured with the surface 

adsorption of an unreactive gas such as N2 in each cross-sectional area [47]–[49]. The 

temperature of the catalysts is kept under isothermal conditions and the pressure of the 

adsorbing gas is varied. The gas molecules form a thin layer on the surface as the pressure is 

increased from where the volume of the adsorbed gas is calculated. The working principle and 

the calculation of the specific surface area can be demonstrated with the BET equation as 

shown below [49]. 

1

𝑁[(
𝑃𝑜

𝑃
)−1]

=  
1

𝑁𝑚∗𝐶
+  

𝐶−1

𝑁𝑚∗𝐶
(

𝑃

𝑃𝑜
)       (2.27) 

Where, 

Nm = No. of gas molecules required to form the monolayer 

N = No. of gas molecules adsorbed at relative pressure P/PO 

C = Heat of adsorption constant 

Eq (2.27) is a straight-line Eq where a linear plot is made between 
1

𝑁[(
𝑃𝑜

𝑃
)−1]

 and 
𝑃

𝑃𝑜
 in BET 

analysis. From the slope, the intercept, and the measured cross-sectional area of the samples, 

the specific surface area is calculated.  

Chapter 2 provides a detailed discussion of the experimental methods, and the characterization 

techniques employed to study the doped samples. It includes a comprehensive description of 

the synthesis process, along with the characterization techniques to understand the structural, 

opto-electronic, photoelectrochemical, and photocatalytic properties of the doped SrTiO3 

materials. 
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Chapter 3: Absorption Features, Accidental Exsolution, and Suppression of Ti3+ Defects 

Enhanced Photoelectrochemical Performance in La3+, Ga3+ co-doped SrTiO3  

Summary 

A batch of Ga3+ and La3+ (co-) doped samples were synthesized at 900 °C. Two co-doped 

samples stood out in exhibiting absorption features, and exsolution which were found to have 

impacted their performances. These samples also exhibited higher lifetimes and a decrease in 

Ti3+ defects. 

3.1 Introduction 

Photoelectrocatalytic water splitting is a promising strategy for producing clean and low-cost 

fuels by harvesting solar energy. Although H2 evolution is a highly researched topic, the oxygen 

evolution reaction due to slow kinetics and high energy consumption is less efficient [1], [2]. 

Being precious, commercial OER catalysts such as IrO2 and RuO2 are not economically 

feasible[2]. Hence more efficient and low-cost catalysts or catalytic routes should be explored. 

A prerequisite of highly efficient photocatalytic water splitting is a visible light-responsive 

catalyst. SrTiO3 although demonstrating excellent performance in photocatalytic water 

splitting responds only to the UV region of the solar spectrum. Doping transition metal ions in 

SrTiO3 is an efficient method to introduce visible light activity by creating new absorption 

edges and band gap narrowing [3]. However, doping with novel transition metal ions often 

results in mid-gap states, hindering surface catalysis. SrTiO3 is frequently associated with 

defects such as Ti3+ and oxygen vacancies [4]. Defect states such as Ti3+ have been reported to 

be suppressed via low-valence metal ion doping [5].  The photocatalytic activity also depends 

on the synthesis route of these doped materials which affects the particle size, crystallinity, 

surface area, and oxygen vacancies. Sol-gel Pechini synthesis route of doped SrTiO3 has been 

reported to control the particle size with a high specific surface area that aids surface catalysis 

[6].  

The core objective of this work is to study the doping (co-) of novel d10 post-transition metal 

ions such as Ga3+ in the Ti4+ site of SrTiO3 and how these dopants affect the behavior of SrTiO3. 

The study focuses on the synthesis of monodoped Ga3+ and co-doped La3+, Ga3+ SrTiO3 via the 

sol-gel Pechini process at 900 °C and the corresponding structural and optical characteristics. 

Highly crystalline particles were observed for all the doped samples and were observed to be 

less than 50 nm in size. Mid-gap states were not observed in the doped samples. Ti3+ defect 

states observed in undoped SrTiO3 samples were found to be decreased in the doped samples. 

The Ga3+ doped samples demonstrated an n-type nature in contradiction to their expected p-

type conductivity. However, it was observed that the n-type nature was reduced with La3+ co-

doping with the fermi level shifting away from the CBMin. No significant band gap narrowing 

was observed in the Ga3+ doped samples. However, the 2  mol% and the 4  mol% co-doped 

SrTiO3 samples showed absorption features in the visible light region. A higher photoresponse 

of the La3+ co-doped samples was observed compared to the undoped SrTiO3. The results 

presented in this work demonstrated the role of defects such as oxygen vacancies in 

understanding the behavior and performance of doped SrTiO3. Defects were observed to have 

a profound effect on the Ti3+ suppression, exsolution, and the introduction of absorption 
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features in the visible light region. Overall, this work attempts to understand how defects can 

affect the material properties which could have a significant effect on the photoelectrocatalytic 

performances.  

Motivation for studying  La3+ ,Ga3+ doped SrTiO3 

Recent studies have reported the high quantum yields with Al3+ doped SrTiO3 demonstrating 

the feasibility of overall water splitting [7], [8]. Inspired by the high quantum efficiencies of 

Al3+ doped SrTiO3, this work investigates the Ga3+ doping in SrTiO3. Al3+ and Ga3+ with ionic 

sizes 0.535 Å and 0.620 Å respectively belong to Group 13 of the periodic table and this work 

explores whether this dopant has the same effect as Al. Due to similar sizes with the Ti4+, Ga3+ 

is expected to be in the B-site of SrTiO3. Ga3+, an acceptor-type dopant, should push the fermi 

level toward the valence band, resulting in a p-type conductivity [9]. Sun, S  et al. [10] discuss 

the effect of the relative position of the fermi level vs the doping level on the charge carrier 

dynamics. This chapter also focuses on the position of the fermi level, and the resulting nature 

of conductivity, and the factors contributing to this effect.  Another important aspect of these 

materials is maintaining charge neutrality as otherwise, they might be prone to charge 

accumulation leading to recombination which decreases the performance of the catalysts. In 

this regard, the effect of co-doping with La3+ in the materials will be investigated. La3+ in 12 

coordination has an ionic radius of 1.36 Å and Sr2+ in 12 coordination has an ionic radius of 

1.44 Å in SrTiO3 cubic structure [11]. So, it can be assumed that La3+ will be in the A site due 

to the comparable ionic sizes with Sr2+. For every % doping of Ga3+ ions in the B site, an equal 

amount of % doping of La3+ in the A site is done thereby aiming to maintain the charge 

neutrality.    

3.2 Experimental Method: Solution Combustion Synthesis/Sol-Gel Pechini Route for the 

Synthesis of La,  Ga co-doped SrTiO3 

A series of undoped, Ga monodoped and La, Ga co-doped SrTiO3 samples were prepared by 

the sol-gel-Pechini route as discussed in Chapter 2. The mol% doping concentration prepared 

was 0.5-10% for both the mono- and co-doped samples. All synthesized co-doped materials 

were white except the 2  mol% and 4 mol% co-doped samples which have a blueish tint as 

shown in Figure 3.1. The samples were remade 5 times with similar results to verify whether 

this phenomenon was accidental, and the color was reproducible.  
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Figure 3.1:  900 °C sol-gel Pechini synthesized La3+ co-doped samples (0.5 mol% - 10 mol%). 

3.3 Results and Discussion 

The results in this chapter are discussed sequentially starting with the effect of doping on the 

microstructural properties. Section 3.3.1 analyses the microstructure with the XRD patterns 

and the TEM. This section correlates the observations with defect chemistry via the Kröger 

Vink notations. The TEM analysis focuses on the crystallographic defects and the role these 

defects play in facilitating exsolution. The section ends with re-examining the XRD patterns 

on a log scale to understand the effect of phase segregation during exsolution. 

3.3.1 Microstructural Analysis 

Goldschmidt’s Tolerance Factor Consideration in the Structural Stability of the Samples  

Takata, T. et al. [12] studied the photocatalytic effect of  5 mol% Ga3+ doped SrTiO3 prepared 

with the solid-state synthesis towards water splitting where they reported a higher performance 

compared to the undoped SrTiO3. Inspired by their work, samples with a range of (0.5 – 10) 

mol% Ga3+ doping were synthesized. To understand further where the limit of doping lies, a 

batch with 20, 30, and 40 Ga3+ mol% doped SrTiO3 was synthesized. All the doped samples in 

this series were observed to have secondary phases as shown in Figure 3.2. 
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Figure 3.2: Comparison of the XRD patterns of 20, 30, and 40 mol% Ga3+ doped SrTiO3 which 

demonstrated secondary phases indicated by *. The motivation to synthesize these batches was 

to understand the limit of Ga3+ doping. 

In perovskite structures, Goldschmidt’s Tolerance Factor is used to determine the structural 

stability of the samples [13]. The tolerance factor, t is derived for monodoped and (co)-doped 

samples in the following equations [14]: 

𝑡 =
𝑟𝐴+𝑟𝑂

√2((1−𝑥)𝑟𝐵+𝑥𝑟𝐵′+𝑟𝑂)
         (3.1) 

𝑡 =
(1−𝑦)𝑟𝐴+𝑦𝑟𝐴′+𝑟𝑂

√2((1−𝑥)𝑟𝐵+𝑥𝑟𝐵′+𝑟𝑂)
        (3.2) 

 

where, 

rA = Radius of A-site cation, Sr2+= 1.44 Å  

rA’ = Radius of Dopant at A-site, La3+= 1.36 Å  

rB = Radius of B-site cation, Ti4+= 0.605 Å 

rB’ = Radius of Dopant at B-site, Ga3+= 0.62 Å 

rO = Radius of Oxygen anion, O2-= 1.4 Å 

x = Percentage doping at B-site 

y = Percentage doping at A-site 

 

The tolerance factors were calculated for doped (co-) samples for 0.5 – 10 mol% from Eqs 

(3.1) and (3.2) and tabulated in Table 3.1. 
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Table 3.1: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples 

Sr No Sample Tolerance Factor, t 

1 Undoped SrTiO3 1.0000 

2 SrTi(0.995)Ga(0.005)O3 1.0016 

3 SrTi(0.98)Ga(0.02)O3 1.0014 

4 SrTi(0.96)Ga(0.04)O3 1.0013 

5 SrTi(0.9)Ga(0.1)O3 1.0008 

6 La(0.005)Sr(0.995)Ti(0.995)Ga(0.005)O3 1.0014 

7 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 1.0009 

8 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 1.0002 

9 La(0.1)Sr(0.9)Ti(0.9)Ga(0.1)O3 0.9980 

 

From Table 3.1, the tolerance factor of the samples is close to 1 which is within the tolerance 

limit of 0.75 < t ≤ 1 for cubic perovskite structures [15]. It can be inferred from Table 1, that 

the samples retain the cubic structure with no distortions upon doping. This was further 

validated with the XRD patterns which are discussed in the following sections. 

XRD 

XRD patterns of the synthesized samples were measured as shown in Figure 3.3. All peaks 

were indexed after calculation and were found to be consistent with the SrTiO3 ICSD file 23076  

[16]–[18].  Figure 3.3 shows the XRD patterns for the sol-gel synthesized undoped SrTiO3 

nano-powder samples in comparison to the La, Ga (co)-doped powders. All samples retained 

the ABO3 cubic (Pm3̅m) perovskite structure and were in good agreement with the ICSD file 

for SrTiO3, showing no other impurity phases. 

 

Figure 3.3:  XRD patterns of (a) Ga3+ (b) La3+, Ga3+ doped SrTiO3 samples with peaks indexed 

according to SrTiO3 ICSD 23076 file [16]-[18].  The diffraction patterns were collected 

between 20° to 80° 2θ values with step size 0.0167113 ° and 24.765 sec per step. 

From Figures 3.2 and 3.3, it could be inferred that the limit of doping could lie between 10 

mol% and 20 mol%. The synthesized samples were mostly white except for two samples- the 

2 mol% and the 4 mol% La3+, Ga3+ doped SrTiO3. These samples are bluish-grey. Therefore, 

(a) (b)
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in this report, four samples will be studied comparing their properties.  The samples that will 

be compared are undoped,  2  mol% Ga3+, 2  mol% La3+, Ga3+, 4  mol% Ga3+, and 4  mol% 

La3+, Ga3+. All synthesized samples were made at 900 °C.  

In Chapter 3, the microstructure plays an important role in determining the behavior of the 

samples. The crystallite size was calculated using the Scherrer equation considering the 

instrumental correction with LaB6. The microstrain was calculated via the Williamson-Hall 

analysis considering the instrumental broadening effect. Lattice parameters of the samples were 

calculated as discussed in Chapter 2. The microstructural parameters are shown in Table 3.2. 

Table 3.2: Average crystallite sizes, microstrain, lattice volumes, and lattice parameters of the 

synthesized samples 

Sr 

No 

% Doping Average 

Crystallite 

Size (nm) 

Microstrain 

(ε) 

Lattice 

Volume 

(Å3) 

Lattice 

Parameter (Å) 

1 SrTiO3 43.02  ± 

0.44 

1.74E-03 ± 

0.32E-03 

59.4277 ± 

0.09  

3.9024  ± 

0.002 

2 SrTi(0.98)Ga(0.02)O3 23.62  ± 

0.82 

1.91E-03  ± 

0.34E-03 

59.4071 ± 

0.09  

3.9019  ± 

0.002 

3 SrTi(0.96)Ga(0.04)O3 26.07  ± 

0.64 

1.55E-03 ± 

0.46E-04 

59.3596 ± 

0.05  

3.9009  ± 

0.001 

4 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 37.49 ± 

0.54 

1.41E-03 ± 

0.30E-03 

59.4318 ± 

0.05  

3.9025  ± 

0.001 

 5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 26.52  ± 

0.42 

1.37E-03 ± 

0.25E-03 

59.4010 ± 

0.05  

3.9018  ± 

0.001 

The errors in lattice parameters and volumes were added recalculating the lattice parameters 

and volumes of the samples. 

From Table 3.2, it can be observed for both types of dopings that the average crystallite sizes 

decrease with both mono- and co-doping. For the 4 mol% monodoped sample, the average 

crystallite size increased as compared to the 2 mol% sample. As highlighted in the previous 

chapters, the microstrain is an important aspect of microstructural studies indicative of 

localized areas of defects. This parameter is found to have decreased in the 4 mol% monodoped 

sample and the co-doped samples. In the 2 mol% Ga3+ sample, the microstrain is the highest, 

and in the 4 mol% La3+ co-doped sample is the lowest.  

The lattice volumes and parameters decreased for the Ga3+ doped samples. In the co-doped 

samples, the 2  mol% showed an increase in lattice volume. Whereas, the 4 mol% co-doped 

sample showed a contraction. The results obtained in the Ph.D.. work were compared with 

other donor-doped SrTiO3 systems in the literature. Kobayashi, S. et al. [19] reported a 

monotonic expansion in donor-doped Nb, La co-doped SrTiO3 as  mol% doping increased. 

They reported that this phenomenon is due to an electronic compensation mechanism. The 

electronic compensation mechanism involves the donation of an electron which reduces Ti4+ 

to Ti3+.  Pilch, M. et al. [20] reported a contradiction to this trend where they reported a 

contraction at 0.1  mol% La3+ doping. They also reported that the Verneuil method grown 0.1% 
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La: SrTiO3 was blue indicating electronic compensation [20]. Moos, R. et al. [21] they have 

reported a similar contraction which they attributed to vacancy compensation.  

Vacancy compensation involves maintaining charge neutrality by creating cation (VSr
’’ or VTi

’’’’) 

vacancies [20]. The change in the lattice volumes in the synthesized 2  mol% and 4  mol% La3+ 

co-doped samples might indicate a change in the charge compensation mechanism. Change in 

charge compensation mechanism from electronic to vacancy compensation after a critical  

mol% doping has been reported in La3+: BaTiO3 [22]. The co-doped samples showed a deeper 

blue color for the 2 mol% sample compared to the 4 mol% sample. Here it can be argued that 

as the La3+ doping increases, compensation mechanisms might begin to change. In the 4 mol% 

sample, the charge compensation might be more through vacancy compensation and less 

through electronic compensation. 

 Electronic compensation in the La3+ co-doped samples can be explained with the Kröger Vink 

notation as shown in Eq (3.3). La3+ when doped in the A-site (SrO plane), forms substitutional 

defects [23].  

La2O3 + SrO                           2LȧSr + 2e’ + 2OO
X + ½ O2     (3.3) 

In the synthesized samples, another substitutional defect may arise with Ga3+ substitution in 

the B-site (TiO2 plane). This can be denoted by the Kröger Vink notation as shown in Eq (3.4). 

Ga2O3 + 2TiO2                              2GaTi
’ + 3OO

X + V̈O    (3.4) 

The (2LȧSr + 2e’) and (2GaTi
‘ + V̈O)  defects in the 2 mol% La3+ co-doped sample indicate a 

neutral type of defect that leads to lattice expansion [19]. The observed changes in lattice 

parameters in the above samples are consistent with the reported literature on SrTiO3 [24], [25]. 

Lu, D. et al. [26] reported that (LȧSr + TbTi
‘ ) defect complexes due to the La3+  in the A-site 

ensure that the Tb4+ is doped exclusively in the B-site of BaTiO3. They reported that this is 

crucial for the formation of single-phase materials. XRD patterns of La, Ga doped SrTiO3 in 

this Ph.D.. work also demonstrated single-phase materials which could be rationalized due to 

the formation of (LȧSr + GaTi
‘ ) defect complexes which ensure exclusive doping of La3+ and 

Ga3+ in the A- and B-sites respectively. The formation of defect complexes in the co-doped 

samples is denoted by Eqs (3.3) and (3.4).  

High-temperature annealing can also contribute to the formation of oxygen vacancies with the 

loss of lattice oxygen as demonstrated by Eq (3.5) [27]. The formation of double-ionized 

oxygen vacancies contributes two electrons to the conduction band [28]. 

OX
O                             V̈O + 

1

2
 O2 + 2e’      (3.5) 

 An expansion of the local lattice around vacancies in perovskite oxides can occur due to 

repulsion between neighboring cations [29]. Kobayashi, S. et al. [19] reported this expansion 

around the oxygen vacancy-containing lattice site can be countered by the lattice contraction 

around the cations away from the defect site which can lead to an overall contraction. This may 

be why the 4 mol% La3+ co- and monodoped samples showed a contraction. Formation of 

charged cation vacancies also cannot be excluded in this sample which showed contraction. 
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The formation of cation vacancies will be probed later in the chapter while discussing the XPS 

data. 

Qin, Y. et al. [30] reported that as the La3+ doping increased from 0.4% to 0.6%, the lattice 

parameters decreased which was explained as La3+ substituting in the A site. Liu, J. et al. [31] 

reported a non-linear trend in the La3+ doped SrTiO3 lattice parameters. They observed 

increased lattice parameters from increasing doping from 2 to 5% and a decrease at 10 %. The 

lattice parameters varied due to different amounts of oxygen vacancies at different doping % 

and the decrease in lattice parameters indicated an oxygen deficiency [31]. Peng Peng, S. et al. 

[32] reported similar lattice shrinkage due to oxygen deficiencies.  

Doubly ionized oxygen vacancies, V̈O contribute two electrons to the conduction band 

[28],[19]. In donor-doped SrTiO3, these electrons also lead to the reduction of Ti4+ to Ti3+ as 

shown in Eq (3.6). The presence of Ti3+ in the La3+ co-doped samples was also confirmed with 

the XPS to be discussed in the subsequent sections. The presence of Ti3+ also leads to the 

expansion of the lattice possibly due to its larger ionic radius (0.67 Å) in 6-coordination [11]. 

Muta, H. et al. [33] reports the blue color of reduced SrTiO3 and La3+ doped SrTiO3 to be due 

to oxygen vacancies and the generated Ti3+ defects. They also reported increased lattice 

parameters due to these defects which aligns with the theory stated for the synthesized La3+ 

doped SrTiO3 samples. Similar observations about defects and lattice parameters were also 

reported by Potzger, K.  et al. [34] in SrTiO3. Due to the formation of doubly ionized oxygen 

vacancies, Ti3+ defects form in the samples synthesized in this report. 

2e’ + 2TiTi
X           2TiTi

’        (3.6) 

The presence of Ti3+ could be also observed from the XPS analysis (discussed later). Janotti, 

A. et al. [35] reported that both size differences between the dopants and the parent sites and 

electronic effects contribute to the change in lattice parameters.  

The Kröger Vink notations discussed above apply to the oxygen-poor annealing conditions. 

This applies to the annealing conditions of the samples synthesized in the Ph.D. work. Eq (3.7) 

summarizes the defect state when SrTiO3 co-doped with La3+, and Ga3+ in oxygen-deficient 

conditions which leads to more n-type nature.  Oxygen is an important parameter during 

annealing to control oxygen vacancies in oxide materials. In oxygen-rich environments, these 

vacancies are lost whereas in oxygen deficient conditions more of these vacancies are created.  

La2O3 + 2Ga2O3               2LȧSr  + 4GaTi
’ + 8OO

X + ½ O2 + V̈O    (3.7) 

Eq (3.8) summarizes the defect reaction in oxygen-rich environments which can lead to more 

p-type materials.  

La2O3 + Ga2O3 + ½ O2         2LȧSr   + 2GaTi
’ + 6OO

X + ½ O2    (3.8) 

  

Aidhy, D.S. et al. [36] in their DFT study reports that there is a window of strain where oxygen 

vacancies are stable. They report that charged oxygen vacancies lead to compression of the 

lattice and neutral vacancies lead to expansion of the lattice. This observation also holds for 

the lattice systems of the doped samples synthesized in this study as shown in Figure 3.4.  
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Figure 3.4:  Lattice volume and relative crystallinity comparison of (a) Ga3+ doped (b) La3+ 

co-doped SrTiO3 samples in oxygen-poor annealing conditions. The monodoped samples with 

shifts to higher angles show a decrease in lattice volumes. The lattice volume increased in the  

2 mol% co-doped sample and decreased in the 4 mol% co-doped sample. All the doped samples 

show lower relative crystallinity compared to the undoped. 

Figure 3.4 demonstrates the lattice volume changes in both types of doping. In the Ga3+ 

monodoped samples, the XRD peak (110) shifts to higher 2θ angles. This indicates a 

compressive strain acting on the lattice leading to the shrinkage. In the La3+ co-doped samples, 

the (110) peak shifts to lower 2θ angles for the 2 mol% sample indicating a tensile stress that 

expands the volume of the lattice. The shifts to higher 2θ angles for the 4 mol% sample indicate 

a lattice shrinkage. For both comparisons, synthesized undoped SrTiO3 was used as the 

reference. The presence of compressive stress in the monodoped samples and 4 mol% La3+ co-

doped sample could indicate that charged oxygen vacancies might be the dominant defect. 

Whereas in the 2 mol% co-doped sample, the presence of neutral oxygen vacancies is stable 

leading to the observed expansion. This is supported by the Kröger-Vink notations in Eqs (3.3)-

(3.6).  

The degree of crystallinity of materials is measured from the XRD patterns by comparing the 

areas under the crystalline peaks to the total area of amorphous and crystalline regions. Since 

Figure 3.3 shows that all the synthesized materials are highly crystalline with no visible 

amorphous regions, in this work a relative XRD peak intensity and sharpness is used as a 

measure of crystallinity. Ohtani, B. [37] in his work explains the use of sharpness of XRD 

peaks as a measure of relative crystallinity. Therefore, henceforth in the Ph.D. work, the XRD 

peak intensities will be used as a measure of the relative degree of crystallinity. Figure 3.4 

demonstrates the effect of doping on the relative crystallinity of the materials. The Ga3+ doped 

samples show lower crystallinity as compared to the undoped. Similarly, for the La3+ co-doped 

samples, both showed lower relative crystallinity. The degree of crystallinity is related to the 

presence of microstructural defects. From the XRD analysis, the microstrain was studied as an 

indicator of localized defects (Table 3.2) [38]. Even though most of the doped samples showed 

lower microstrains, the degree of relative crystallinity is still higher in the undoped sample. 

This may be due to the doping or the presence of other crystallographic defects such as 

a.) b.)
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dislocations and grain boundaries present in the samples. Micro-structure is an important aspect 

that affects photocatalytic performances. To further understand the role of microstructural 

defects, TEM analysis was done. The role of defects such as dislocations and grain boundaries 

are discussed in the subsequent section.  

Dislocations and Grain Boundaries 

Defects in metal oxides are a typical occurrence that affects the translational symmetry of the 

unit cell [39]. These defects can be classified as 0D point defects (vacancies), 1D linear defects 

(dislocations), 2D planar defects (grain boundaries), and 3D volumetric defects (pores) [40]–

[42]. Li, W. et al. [40] report that crystalline transition metal oxides such as SrTiO3 often exhibit 

defects such as dislocations and grain boundaries that behave differently as compared to the 

bulk material. These dislocations and grain boundaries may give rise to unique properties 

mainly due to their charged nature arising from nonstoichiometry [40], [43], [44]. Raizada, P.  

et al. [45] in their work report that 1D defects such as dislocations have an indirect effect on 

the electronic properties of metal oxide photocatalysts by acting as sinks for point defects. Ren, 

P.  et al. [46] report that the dislocations induced in their TiO2 nanowires acted as active Ti3+ 

centers. These centers improved visible light absorption (400-900 nm) and hence, accelerated 

the photocatalytic degradation by 1.8 times as compared to defect-free TiO2. These reports 

concur with the induced defects in the synthesized samples in the Ph.D.. work, observed from 

the lattice parameters and the XRD in the previous section. Defects can be present in the bulk 

and on the surface [47]–[49]. 0D defects such as vacancies can be present in both the bulk and 

the surface of the materials whereas 1D and 2D such as dislocations and grain boundaries are 

present only on the surface [49]. Yan, J. et al. [47] reported the enhanced photocatalytic 

performance in TiO2 due to surface/bulk defects modulated via the hydrothermal synthesis in 

different calcination temperatures (400 °C-700 °C).  

To study how 1D and 2D defects in the lattice affect the microstructural and electronic 

properties of the synthesized samples, TEM analysis was done. TEM analysis revealed the 

presence of grain boundaries and dislocations in the samples as shown in Figure 3.5. The 

samples were synthesized at 900°C. High-temperature synthesis leads to particles coalescing 

together and hence, the grain boundaries. The samples comprise both single particles and 

coalesced particles. Figure 3.5 represents a region with coalesced particles with grain 

boundaries and dislocations.  
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Figure 3.5: Dislocations present in (100) plane of 4 mol% La3+ co-doped samples as observed 

via TEM analysis. 

The dislocation density in literature has been reported to be measured by various methods such 

as modified Williamson-Hall methods and modified Warren-Averbach methods [50]–[53]. To 

calculate the dislocation density, the formula adopted from the work of Laala-Bouali, H. et al. 

[52] is shown in Eq (3.9). The Eq is based on the use of the modified Warren-Averbach method. 

Rietveld refinement was used in the work of Laala-Bouali, H. et al. [52] to extract the lattice 

parameters that are required for the calculation of the Bϋrger’s vector (ß).   

ρ = 2√3 
√𝜎2

𝐿ß
           (3.9) 

Where, 

ρ = Dislocation density 

σ2 = Microstrain 

L = Mean crystallite size 

ß = Bϋrger’s vector giving the magnitude and direction of the dislocation  

a = Lattice parameter 

ß = 
𝑎

2
√ℎ2 + 𝑘2 + 𝑙2         (3.10) 

The calculated dislocation density and Burger’s vector are tabulated in Table 3.3. The direction 

of the dislocations is along the (100) plane.  

d = 3.833 angstrom
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Table 3.3: Dislocation density of the synthesized samples 

Sr. No Samples Bϋrger’s 

vector 

Dislocation 

density (nm-2) 

Crystallite 

Size (nm) 

1 SrTiO3 0.1951 1.91E-02 43.02  ± 

0.44 

2 SrTi(0.98)Ga(0.02)O3 0.1951 3.29E-02 23.62  ± 

0.82 

3 SrTi(0.96)Ga(0.04)O3 0.1950 3.26E-02 26.07  ± 

0.64 

4 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 0.1951 1.78E-02 37.49 ± 

0.54 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 0.1951 2.48E-02 26.52  ± 

0.42 

 

From Table 3.3, all the Ga3+ monodoped samples show higher dislocation densities as compared 

to the undoped. The amount of microstructural defects affects the degree of crystallinity of the 

samples. The lower dislocation density of the undoped sample may have resulted in higher 

relative crystallinity than the Ga3+ monodoped samples as confirmed by Figure 3.4(a). Even 

though the 2  mol% co-doped sample, has lower microstrain and dislocation density, the relative 

crystallinity is lower than the undoped. This can be attributed to the effect of high doping. Pal, 

M. et al. [54] reported a similar decrease in crystallinity in Eu3+ doped TiO2. They reported that 

doping introduced a strain in the lattice that altered lattice periodicity and distorted the crystal 

symmetry. Jyothi, G. et al. [55] reported that when La3+ is co-doped in Eu3+: SrTiO3, then it 

leads to tilting of the TiO6 octahedra. The distorted octahedra houses the Ti cations. The 

introduction of Ga3+ and La3+ into the SrTiO3 lattice could have similarly affected the periodic 

arrangement of the lattice planes. Hence, the decrease in relative crystallinity. This shows that 

the relative crystallinity and the overall microstructural evolution are affected by a combination 

of factors.  

Synthesis temperature is another important parameter that determines the overall 

crystallographic system.  As stated previously, the synthesized materials due to the higher 

temperatures agglomerated in some regions. The coalesced regions resulted in a polycrystalline 

area with grain boundaries separating differently oriented crystallites.  Figure 3.6 depicts a 

coalesced region of the 4 mol% La3+ co-doped sample.  
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Figure 3.6:  (a.) Coalesced nanoparticles due to high-temperature synthesis (b.) Diffraction 

pattern demonstrating the polycrystalline nature of the region imaged (Sample: 4 mol% La3+ 

co-doped SrTiO3).  

From the TEM analysis, 2D defects such as grain boundaries can be observed in the coalesced 

regions. Grain boundaries in photocatalysts can trap charge carriers which lead to 

recombinations and hence, can be detrimental to their performance [40]. However, grain 

boundaries are also reported to facilitate photocatalysis. Zhu, Y. et al. [56] have reported that 

when Rh and Pd nanowires co-catalysts with a high density of grain boundaries are loaded on 

TiO2 nanosheets, then an enhanced photocatalytic CO2 reduction is observed. Grain boundaries 

can act as sinks for defects such as vacancies [57]–[59]. Figure 3.7 demonstrates the appearance 

of grain boundaries in the 4 mol% La3+  co-doped sample most likely from the high temperature 

calcination.  

a.) b.)

A
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Figure 3.7:  Appearance of grain boundaries due to high-temperature synthesis with differently 

oriented crystallites (Sample: 4 mol% La3+ co-doped SrTiO3). 

Effect of Accidental Exsolution on Material Performance  

The catalyst surface of the synthesized samples with TEM shows exsolved particles as seen in 

Figures 3.9 and 3.10.  Exsolution involves the transition metal cations of the B-site cations to 

leach out of the ABO3 structure and form metal nanoparticles [60]. These nanoparticles are 

partially immersed in the perovskite structure. Exsolution happens when a material is subjected 

to a heat treatment in a reducing environment. This process is reversible as the NPs dissolve 

into the lattice under oxidative treatment. Such reversibility may be beneficial against 

agglomeration and can enhance catalyst lifetimes. Singh, S.  et al.  studied how the presence of 

1D and 2D defects such as grain boundaries and stacking faults help in the nucleation of 

exsolved Ni NPs from LaNiO3 [61]. They report that the 1 nm Ni NPs grow on the Ruddlesen-

Popper stacking faults than on the defect-free regions. In the case of the synthesized samples 

in the Ph.D., the dislocations, and the grain boundaries may have acted as sites of nucleation 

for the exsolved NPs.  

Kousi, K. et al.  [62] explain that the exsolution process is a phase decomposition controlled 

by surface and bulk defects. Metal nanoparticles can exsolve either on the surface or in the bulk 

which is facilitated by different mechanisms. Surface exsolution can take place due to the 

presence of crystallographic defects which promotes the nucleation process. Bulk exsolution 

occurs in reducible materials. Exsolution observed in the 2 mol% and the 4 mol% La3+  samples 

synthesized at 900 °C could be facilitated by the dislocations and grain boundaries present. 

Besides crystallographic defects, cation or anion vacancies can also facilitate ion diffusion and 

(210))

(200)
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promote exsolution [63]. As discussed in the previous section, high-temperature annealing and 

La3+ co-doping could promote deviation from SrTiO3 stoichiometry, leading to exsolution. 

O’Leary, W. et al. [60] reported the exsolution of Ni from SrTiO3 with the introduction of La3+ 

and Sr vacancies.  

Figure 3.8 (a) shows the exsolutions of Ni and CeO2 from La(0.8)Ce(0.1)Ni(0.4)Ti(0.6)O3 denoted 

by points 1-4 [64]. Figure 3.8(b) shows the gradual formation of the Ni NPs with time 

La(0.43)Ca(0.37)Ni(0.06)Ti(0.94)O3 under H2 reduction at  900°C [64]. The distribution of points 

(NPs) 2 and 4 are like those observed in the synthesized materials in Figure 3.8 (c-g). This 

comparison to that observed in the literature confirms the possibility of exsolution in the La3+, 

Ga3+ co-doped samples. The inset in Figure 3.8(d, g) shows the exsolution of NPs on the surface 

of the 4 mol% co-doped samples. Figure 3.8(c, e) shows the exsolution in the 2 mol% co-doped 

samples. Figure 3.8 (f)  shows the crystalline nature of the single exsolved particle with the live 

FFT. Due to the tiny exsolved particles, EDX could not be performed with the JEOL2100Plus. 
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Figure 3.8: Exsolution of  nanoparticles  in (a, b) Literature comparisons of exsolved NPs to 

the materials studied in the Ph.D. work reproduced with permission from the works of Neagu, 

D. et al [63] (Copyright © 2013, Springer Nature Limited and Neagu, D. et al. [64] (Copyright 

© 2019, American Chemical Society) (c) 2 mol% (d) 4 mol% La3+ co-doped SrTiO3 synthesized 

during the Ph.D. work (e, f) Exsolved particle in the synthesized 2 mol% La3+ co-doped SrTiO3 

and the live FFT image of the exsolved particle confirming its crystalline nature (g) Exsolved 

particles in the synthesized 4 mol% La3+ co-doped SrTiO3. 

The NPs observed in Figure 3.8 (e) and (g) were about 3nm -5 nm in size. As reported in the 

literature, La3+ co-doping leads to B-site exsolution. So, the exsolved NPs in the doped samples 

could be metallic Gallium. Figure 3.9 (a.) shows an exsolved NP near a grain boundary in the 

synthesized 4 mol% La3+ co-doped sample. This result aligns with our previous discussion that 

crystallographic defects such as grain boundaries can facilitate the exsolution process. Figure 

3.9 (b) and (c) are literature comparisons of exsolved Ni NPs around grain boundaries [65] and 

the shape of the Co-Fe exsolved materials [66]. The inset of Figure 3.9 (a) shows the different 

lattice spacing orientations. From the inset, it can be observed that exsolved NPs are anchored 

on the perovskite material.  

 

Figure 3.9: (a) Exsolution of NPs near a grain boundary in 4 mol% La3+ co-doped sample 

synthesized during the Ph.D. work (c, d) Literature comparisons of exsolved NPs to the 

materials studied in the Ph.D. work reproduced with permission from the works of Kwak, N. 

W. et al. [65](Open Access, licensed by CC-BY 4.0) and Jiang, Y. et al. [66] (Copyright © 

2019 American Chemical Society respectively). 

Rethinking the XRD Pattern due to Exsolution 

As discussed earlier, the exsolution involves phase segregation. However, from the XRD 

analysis in Figure 3.3, no secondary phases were observed in the linear scale. Chattopadhyay, 

S. et al. [67] reported in their work that the XRD pattern of exsolved CdS nanodots does not 

show additional XRD peaks due to their small size. They also reported the color change of the 

titanate perovskite from white to yellow on exsolution. Exsolution can also therefore influence 
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the blue colour of the La3+ co-doped. However, the theory of defects resulting in the blue color 

also holds as defects and exsolution are closely associated.  

 

Figure 3.10:  XRD pattern in log intensity scale of the (a) Undoped (b) 0.5 mol% (c) 1 mol% 

(d) 2 mol% (e) 4 mol% and (f) 10 mol% La3+ co-doped SrTiO3 samples. The 2 mol% and 4 

mol% La3+ co-doped samples show phase segregation.  

Figure 3.10 (a-f) shows the XRD pattern in the log scale to identify phases in small quantities. 

Most of the co-doped samples were phase pure except the 2 mol% and the 4 mol%.  The 

secondary peaks observed between 30°-50° can be identified to be that of Ga and Ga2O3 NPs 

[68]. The possible exsolution of Ga and Ga2O3  is like the exsolution of Ni and CeO2 observed 

by Neagu, D. et al. [64]. To further confirm the composition of the NPs, a detailed XPS analysis 

of the samples was done, which is discussed in the subsequent section.  From this section, 

another hypothesis can be raised regarding the observed trends with dislocation densities (Table 

3.2), the microstrains (Table 3.3), and the overall relative crystallinities of the doped samples 

(Figure 3.4 (a, b)). If Ga/Ga2O3 is present as shown in Figure 3.10 (d, e) it could potentially 

alter the crystallinity of the perovskite structure by introducing more lattice strains which could 

be also why the relative crystallinity of the undoped sample is higher [69], [70]. 

From the XRD and the TEM analysis, the presence of defects in the synthesized samples is 

strongly indicated. As stated above 1D and 2D defects may act as sinks for point defects. These 

surface defects may form complexes with point defects which drastically affect the properties 

of materials. Hirel, P. et al. [71] report the possibility of charged dislocations that can attract 

cation or anion vacancies. It is crucial to understand how these defects interact and affect the 

optoelectronic and microstructural properties of the photocatalysts. To correlate the 

microstructural properties of defect-enriched materials to opto-electronic properties various 

characterization techniques were employed.    
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3.3.2 Elemental Analysis with the XPS 

In this section, the elemental analysis of the catalyst surface was conducted. The section studies 

the elemental distribution and attempts to correlate it with the microstructural analysis 

pertaining to the defects and exsolution. 

Sr3d 

The surface of the undoped, 2 mol% Ga3+, 4 mol% Ga3+, 4 mol% La3+, and 4 mol% La3+ co-

doped SrTiO3 samples were investigated with XPS. For the samples, Sr3d, Ti2p, Ga2p, La3d 

and O1s were analysed. All peaks were charge-corrected to C1s at a binding energy of 284.8 

eV.  Figure 3.11 shows the deconvoluted Sr3d peaks with Sr3d5/2 peak at 133.77 eV and Sr3d3/2 

peak at 134.49eV attributed to Sr2+ in SrTiO3 lattice. The split between the d5/2 and the d3/2 

orbital in the case of the undoped SrTiO3 is 1.72 eV.  The sample shows two additional peaks 

at higher binding energies corresponding to SrCO3. For the undoped sample, the ratio between 

the SrCO3 Sr3d5/2 and the C1s C=O is 1:1.15 which is close to the reported 1:1 carbonate ratio 

in literature consistent with  SrCO3 [72].  

 

Figure 3.11: Deconvoluted and charge corrected Sr3d Peaks of Undoped SrTiO3 at 132.77 eV 

and 134.49 eV with trace amount of SrCO3.The green doublet refers to the presence of SrCO3 

confirmed from the 1:1 ratio of the SrCO3 Sr3d5/2 and the C1s -C=O. 

From the deconvolution of the Sr3d peaks of the doped samples in Figure 3.12 (a-d), the 

presence of SrCO3 is evident.  

Sr3d Scan

Sr 3d3/2

Sr 3d5/2

A
rb

it
ra

ry
 U

n
it

s

137 136 135 134 133 132 131

Binding Energy (eV)



Chapter 3 
 

84 
 

 

Figure 3.12: Deconvoluted and charge corrected Sr3d Peak of (a) 2 mol% Ga3+ (b) 4 mol% 

Ga3+ (c) 2 mol% La3+ and (d) 4 mol% La3+ co-doped SrTiO3. The 4 mol% co-doped sample 

shows the highest SrCO3 concentration. 

The binding energy positions of the Sr3d5/2 and the Sr3d3/2 of the lattice Sr2+ are presented in 

Table 3.4.  

Table 3.4: Position of the Sr3d5/2 and the Sr3d3/2 of the doped samples 

Sr No Sample Sr3d5/2 Sr3d3/2 

1 SrTi(0.98)Ga(0.02)O3 132.75 134.46 

2 SrTi(0.96)Ga(0.04)O3 132.45 134.12 

3 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 132.65 134.36 

4 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 132.75 134.35 

 

 For the doped samples, the ratios between the SrCO3 Sr3d5/2 and the C1s C=O are 1:1.06, 1:11, 

1:1.03, and 1:1.3 respectively, thereby confirming SrCO3. The ratio of the amount of SrCO3 

present in each sample compared to lattice Sr2+ is presented in Table 3.5. As observed from 

Figure 3.12 (d), the 4 mol% co-doped sample has the highest SrCO3 amount. 

Table 3.5: Ratio of SrCO3 present in the doped samples as compared to undoped SrTiO3 

Sr No Sample SrCO3: (SrCO3 + Sr3d5/2) 

1 Undoped 0.08 

2 SrTi(0.98)Ga(0.02)O3 0.09 

3 SrTi(0.96)Ga(0.04)O3 0.07 
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4 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 0.07 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 0.29 

 

Both the Sr3d5/2 and the Sr3d3/2 peaks in the doped samples show shifts to lower binding 

energies when compared to undoped SrTiO3. This shift is within error and hence, does not 

indicate a fermi-level shift. This analogy is borrowed from the work of Chattopadhyay, S  et 

al.  [67] who observed similar slight shifts. The split between the d5/2 and the d3/2 orbital in the 

case of the doped SrTiO3 samples also shows a decrease at 1.71 eV (2 mol% Ga3+), 1.71 eV (2 

mol% La3+, Ga3+), 1.67 eV (4 mol% Ga3+) and 1.6 eV (4 mol% La3+, Ga3+).  

Ti2p 

The Ti2p3/2 peaks for the samples were analyzed and compared with the undoped in Figure 

3.13. The deconvolution of the peaks indicates the presence of Ti3+ defects. On doping, it has 

been found that the Ti3+ defects decrease. In the undoped sample, the ratio of Ti3+: (Ti3 + Ti4+) 

is 0.26:1. In the 2 mol% Ga3+ mono and 2 mol% La3+ co-doped samples, the ratios are 0.18:1 

and 0.11:1 respectively. Similarly in the 4% Ga mono and 4% La, Ga co-doped samples, the 

ratios are 0.16:1 and 0.09:1 respectively. The 4 mol% La3+ co-doped samples had the lowest 

amount of Ti3+ defects among all the samples. This might be indicative of 4 mol% co-doping 

as the optimal doping to have the least Ti3+ defects as compared to the undoped. The main 

components of the XPS Ti2p3/2 and Ti2p1/2 peak are at 458.32 eV and 464.08 eV which can be 

attributed to Ti4+. The ratio of A-site: B-site elements are tabulated in Table 3.6. The undoped 

SrTiO3 shows a higher Ti4+ as seen in Table 3.6. The commercial undoped SrTiO3 shows a ratio 

of 1.32:1 as shown in Table 3.1A in the Appendix.  The Ti2p3/2 and Ti2p1/2 in all the doped 

samples show shifts to lower binding energies as compared to undoped samples as shown in 

Figure 3.14.  

Table 3.6: Ratio of A-site: B-site Elements 

Sr No Samples Sr2+: Ti4+ Sr2+: Ti4+ + 

Ga3+ 

Sr2+ + 

La3+: 

Ti4+ + 

Ga3+ 

1 SrTiO3 1:1.25 - - 

2 SrTi(0.98)Ga(0.02)O3 - 1:1.02 - 

3 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 - - 1:1.07 

4 SrTi(0.96)Ga(0.04)O3 - 1:0.99 - 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 - - 1:1.2 
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Figure 3.13:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 464.08 eV. The blue peak 

indicates the presence of Ti3+ defects. 

 

Figure 3.14: The XPS Ti2p1/2 peaks of (a) 2 mol% Ga3+ (b) 4 mol% Ga3+ (c) 2 mol% La3+ and 

(d) 4 mol% La3+ co-doped SrTiO3. Ti3+ decreases upon doping with the co-doped samples 

showing lowest the concentration. 

 O1s 

The O1s peaks for the samples were analyzed and compared with the undoped in Figures 3.16 

and 3.17. The deconvolution of all the samples showed secondary peaks at higher binding 
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energies. In the case of the undoped sample, the main component of the O1s peak at 529.50 eV 

can be attributed to lattice oxygen. The spectrum also show other components at higher binding 

energies of 530.43 eV, 530.91 eV, and 531.68 eV. These features can be attributed to carbonates, 

hydroxyl groups, and C-O-C groups respectively. 

 

Figure 3.15: XP spectrum of undoped O1s peak with the main component at 529.48 eV. 

Deconvolution shows the presence of -C=O, -OH and C-O-C. 

The O1s peak of the doped samples as shown in Figure 3.16 shows similar characteristics i.e., 

the presence of four peaks. However, all the peaks show shifts to lower binding energies.  
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Figure 3.16: Deconvoluted and charge corrected O1s peak of (a) 2 mol% Ga3+ (b) 4 mol% 

Ga3+ (c) 2 mol% La3+ and (d) 4 mol% La3+ co-doped SrTiO3. The 4 mol% co-doped samples 

show significantly higher  -C=O groups and an increase in -OH groups can be observed in all 

the doped samples. 

The peak positions of the O1s of the doped samples are given in Table 3.7.  

Table 3.7: Peak Positions of the O1s lattice and the secondary peaks 

Sr No Samples Lattice -C=O -OH C-O-C 

1 SrTiO3 529.50 eV 530.40 eV 530.91 eV 531.68 eV 

2 SrTi(0.98)Ga(0.02)O3 529.48 eV 530.36 eV 530.86 eV 531.29 eV 

3 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 529.25 eV 530.26 eV 531.02 eV 531.96 eV 

4 SrTi(0.96)Ga(0.04)O3 529.30 eV 530.29 eV 531.15 eV 532.22 eV 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 529.23 eV 530.37 eV 531.21 eV 531.81 eV 

 

The presence of carbonate peaks is quite consistent with the Sr3d peaks which showed the 

presence of SrCO3. The shoulders of the secondary peaks in the samples increase with higher 

doping % becoming more prominent in the co-doped samples. This could be due to the 

increased affinity for surface hydroxyls at the vacant oxygen sites introduced with increased % 

(a) (b)

(c) (d)
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doping [73]. The 4 mol% La3+ co-doped sample shows the highest amount of carbonate species 

consistent with the SrCO3. The 4 mol% Ga shows the highest hydroxyl species.  

La3d 

From the XPS survey of the surface of 2 mol% and 4 mol% La, Ga co-doped SrTiO3, the 

presence of La3+ is evident as shown in Figure 3.17 (a). The main peak of the La3d5/2 and 

La3d3/2 is at 833.89 eV and 847.31 eV for both 2% and 4% La, Ga co-doped SrTiO3. These 

peaks can be attributed to La3+. The d5/2 and d3/2 orbital have multiplet splitting values of 4.74 

eV and 4.2 eV. Figure 3.17 (b, c) shows the EDX-confirmed dopant incorporation in the 

samples.  

 

Figure 3.17: (a) The XP spectrum of La3d peak with the main component of d5/2 peak at 833.89 

eV and the main component of d3/2 at 850.87 eV (b, c) La3+ and Ga3+ incorporation 

confirmation with EDX in the 4 mol% co-doped sample. The EDX pattern with lower Ti4+ could 

indicate Ti vacancies. 

The La3d peak shows two satellites at lower binding energies than the d5/2 and the d3/2 peaks at 

828.77eV and 847.31 eV. These satellites are called shake-down satellites as they appear 

towards lower binding energies of the main peaks. These lower binding energy satellites are 

(a)
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common in Lanthanum compounds and are reported to be due to a photo-electron being ejected 

from the atom [74]–[76].  

Ga2p  

From the XPS survey of the surface of 2 mol% Ga3+ doped, 2 mol% La3+, Ga3+ co-doped, 4 

mol% Ga3+ doped, and 4 mol% La3+, Ga3+ co-doped SrTiO3, the presence of Ga3+ is evident as 

shown in Figure 3.18. The main peaks of the Ga2p3/2 and Ga2p1/2  are at 1117.77 eV and 1144.69 

eV for both mono and co-doped SrTiO3. Metallic Ga has reported a 2p3/2 peak between 1117 

eV-1118.10 eV and Ga2O3 has reported peaks in a very similar range between 1117.50 eV -

1117.80 eV [77]–[79]. Hence, XPS is not a useful method to distinguish between the two. 

 

Figure 3.18: The XP spectrum of Ga2p3/2 and Ga2p1/2 of the doped samples showed peaks 

around  1117.77 eV and 1149.69 eV respectively which matches closely with both Ga2O3 and 

metallic Ga. 

Percentage of Doping from the XPS and Time-Temperature-Solubility Factor 

Table 3.8 (a) and (b) show the relative doping % to the element at the parent site i.e. Ga3+/ (Ga3+ 

+ Ti4+) and La3+/(La3+ + Sr2+). Ga3+ doping is 10 - 18 times more than the intended 2 mol% and 

4 mol%. Similar observations were also made by Dr. Benjamin Moss in his Ph.D. work on Rh: 

SrTiO3 which was synthesized by high-temperature solid-state synthesis [80]. In his Ph.D. 

work, Dr. Moss reported that  mol% Rh doping was 20 times higher than what was expected 

(4%) and solubility of Rh in SrTiO3 increased with La3+ co-doping. In the case of Ga3+, it could 

be temperature-time-solubility dependence. This finding will be studied in detail along with 
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the lower temperature synthesized batches to understand how temperature might affect this. As 

the synthesis temperature increased from 500°C-800 °C for 10 h, the relative doping increased. 

At 900 °C (6 h) and above, the solubility of Ga3+ could decrease and instead, it could have 

leached out of the lattice. This observation also can be correlated to the exsolution that was 

observed in the doped samples. O1s peaks indicate oxygen non-stoichiometry and are 

positively correlated to Figure 34(a) to be oxygen deficient. The ratio of Sr3d5/2: Ti2p3/2 is 0.905 

and 0.98 respectively for the 2 mol% monodoped and co-doped samples. This indicates that a 

Sr cation vacancy could also exist in the samples. For the 4 mol% mono- and co-doped samples 

the ratios are 1.09 and 1.05 respectively. This likely indicates the presence of Ti cation vacancy 

as indicated by the EDX in Figure 3.17 (c).  

Table 3.8 a:  Atomic % of Sr2+, Ti4+ and O1s in the Synthesized Samples from the XPS 

Samples Sr3d5/2 

(At %) 

Sr3d3/2 

(At %) 

Ti2p3/2 

(At %) 

Ti2p1/2 

(At %) 

O1s 

(At %) 

SrTiO3 11.97 11.98 

 

11.19 

 

4.51 

 

35.35 

 

SrTi(0.98)Ga(0.02)O3 10.20 10.21 11.26 4.93 32.02 

La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 9.29 9.30 9.55 3.95 27.62 

SrTi(0.96)Ga(0.04)O3 10.65 10.66 9.70 4.34 26.74 

La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 8.70 8.70 8.36 4.24 26.33 

 

Table 3.8 b: Relative mol% doping from the XPS 

Samples Ga2p3/2 

(At %) 

Ga2p1/2 

(At %) 

La3d5/

2 

(At 

%) 

La3d3/

2 

(At %) 

Ga  mol% 

Doping 

(Ga3+ / 

Ga3+ + Ti4+) 

La  mol% 

Doping (La3+/ 

La3+ + Sr2+) 

SrTiO3     - - 

SrTi(0.98)Ga(0.02)O3 2.56 1.47 - - 19.4% - 

La(0.02)Sr(0.98)Ti(0.98)Ga(0.

02)O3 

2.95 1.81 0.20 , 

0.21 

0.22 , 

0.22 

26% 4.4% 

SrTi(0.96)Ga(0.04)O3 4.89 2.81   35% - 

La(0.04)Sr(0.96)Ti(0.96)Ga(0.

04)O3 

1.29 0.82 0.28 , 

0.28 

0.28 , 

0.28 

13.7% 6% 

 

3.3.3 Understanding the Role of Defects on the Optoelectronic Properties 

In this section, the opto-electronic properties of the samples were studied. The effect of doping 

on the bandgap, the reflectance spectrum, the PL, the TCSPC, the valence band and the work 

function are discussed systematically. The opto-electronic characterizations. The BEA is 

fundamental in understanding the nature of the conductivity i.e. whether the materials are n- or 

p-type. Intrinsic material parameters such as the electron affinity and the ionization potential 

have been studied for their impact on the material properties.  
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Effect of Doping on the Bandgap 

Altering the band gap by narrowing it or by introducing mid-gap states can significantly affect 

the performance of a photocatalyst. To study the effect of doping Ga3+ and La3+ in SrTiO3 

diffuse reflectance spectroscopy (DRS) measurements were carried out. These measurements 

were done with a Shimadzu UV Vis instrument with an integrating sphere. The data were 

analyzed with the Kubelka-Munk function and the Tauc plots as discussed in Chapter 2. Figure 

3.19 shows the reflectance spectrum and the indirect bandgap of the undoped SrTiO3. The 

indirect bandgap of the undoped sample has been calculated from the Tauc plot to be 3.17 eV 

which is close to the value (3.2 eV) in the literature [81].  

 

Figure 3.19: Indirect bandgap (3.17 eV) and reflectance spectrum of undoped SrTiO3. No 

absorption features were observed for this sample. 

Figure 3.20 demonstrates the difference in the reflectance spectrum and the indirect band gap 

between the 2 mol% mono- and co-doped samples. The co-doped sample shows an absorption 

feature and a low energy peak in the reflectance and the indirect bandgap respectively. The 

indirect bandgap of 2 mol% mono- and co-doped samples are 3.19 eV and 3.21 eV, respectively.  
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Figure 3.20:  Indirect band gap and reflectance spectrum of 2 mol% (a.) Ga3+ (3.19 eV) and 

(b.) La3+, Ga3+ (3.21 eV) co-doped SrTiO3. Both samples show a slight increase in the band 

gap compared to the undoped sample. The co-doped sample shows an absorption feature 

around 515 nm (2.25 eV) region. 

Figure 3.21 demonstrates the difference in the reflectance spectrum and the indirect band gap 

between the 4 mol% mono- and co-doped samples. The co-doped sample too shows an 

absorption feature in the reflectance spectrum and a low energy feature below the indirect 

bandgap. The indirect bandgap of 4  mol% mono- and co-doped samples are 3.19 eV and 3.23 

eV, respectively.  

 

Figure 3.21:  Indirect band gap and reflectance spectrum of 4  mol% (a.) Ga3+ (3.19 eV) and 

(b.) La3+, Ga3+ (3.23 eV) co-doped SrTiO3. Both samples show similar band gaps as the 2 

mol% co-doped sample. The 4 mol% co-doped sample also shows an absorption feature 

around 515 nm (2.25 eV) region. 

The indirect bandgaps of the monodoped samples increased slightly as compared to the 

undoped sample and both 2 mol% and 4 mol% had the same bandgap value. The co-doped 

samples showed an increase in the bandgap value at 3.21 eV (2 mol%) and 3.23 eV (4 mol%). 

No mid-gap states or visible light absorption was observed in the Ga3+ monodoped samples.  

(b.)(a.)

(b.)(a.)
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Most of the samples showed a behaviour like the undoped sample without any mid-gap states. 

However, the 2 mol% and 4 mol% La3+ co-doped deviated from the other samples in having a 

bluish-grey colour. On analysing the reflectance spectrum, these two samples showed dips in 

the visible light region around 515 nm as shown in Figure 3.22. The dips in the 515 nm region 

correspond to the blue-cyan region of the visible light spectrum. Compared to the undoped 

sample, the doped spectrum show a blueshift to lower wavelengths. This indicates a change in 

the band edge positions. 

  

Figure 3.22: Comparison of reflectance spectra of (a) Ga3+ (b) La3+ and (c) Comparison of 

La3+, Ga3+ co-doped SrTiO3 samples with the undoped SrTiO3. The 2 mol% and the 4 mol% 

co-doped samples differ from all the samples in exhibiting absorption features at 515 nm. 

Mishra, V. et al. [82] observed in their study that similar low energy peaks between 1.5 eV and 

2.75 eV below the bandgap of their materials- TiO2, ZnO, and ZrO2. The fundamental 

experimental technique they employed was DRS to study the materials. They compared their 

experimental data with DFT simulations which relate the low energy peak to oxygen vacancies. 

They report that in TiO2 oxygen-deficient systems, the states near the fermi level are dominated 

by both Ti3d (t2g and eg states) and the O2p, with the px orbital having the highest contribution. 

The formation of doubly ionized oxygen vacancies is accompanied by Ti3+ defects. The 

presence of Ti4+ and Ti3+ (t2g and eg) orbitals near the fermi level results in rehybridization 

between the Ti3d and O2p. This leads to the formation of the low energy peak below the 

bandgap. This theory aligns with the previous XRD observations about doubly ionized oxygen 

vacancies and Ti3+ defects. Oxygen vacancies are the predominant factor causing the low 

energy absorption features around 2.4 eV.  

(a) (b)

(c)
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Even though the co-doped samples showed absorption features in the visible light region, the 

absorption edge in these samples showed a blueshift from the undoped SrTiO3 edge indicating 

that both the mono- and co-doped samples can absorb high-energy UV photons at shorter 

wavelengths. This indicates a definite change in the opto-electronic properties upon doping. 

Figure 3.23 demonstrates the absorption spectrum and bandgaps from the Kubelka Munk 

Function. The absorption wavelengths are listed in Table 3.9. In Figure 3.23 (a) and (b), the 

absorption spectrum of the La3+ co-doped samples shows absorption beyond 1000 nm into the 

NIR region. This could also influence the bluish-grey colour of the co-doped samples. 

Table 3.9:  Bandgaps and absorption wavelengths of the synthesized samples 

Sr No. Samples Wavelengths 

(nm) 

Indirect 

Bandgap 

(eV) 

Direct 

Bandgap 

(eV) 

1 SrTiO3 389.60 3.17 3.29 

2 SrTi(0.98)Ga(0.02)O3 384 3.19 3.30 

3 SrTi(0.96)Ga(0.04)O3 380.70 3.19 3.30 

4 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 385.70 3.21 3.29 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 380 3.23 3.34 
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Figure 3.23: (a.), (b.) Absorption spectrum highlight the absorption feature that is present in 

the co-doped samples and the extension of the absorption into the NIR region. These features 

are absent in the undoped and the monodoped samples.(c.), (d.) Blue shifted absorption 

wavelengths of the Ga3+ and La3+, Ga3+ doped samples. 

Steady State Photoluminescence (PL) Analysis  

Steady-state PL studies facilitate the understanding of shallow and deep-level defects in 

materials [83]. PL characterization is based on the recombination of e-/h+ pairs. This 

recombination can take place with the emission of a photon (radiative) or loss of energy through 

interaction with defects in the materials. In PL analysis, the spectrum is observed when the 

emission of photons occurs on exciting a material with light of a specific wavelength. Figure 

3.24 shows the comparison of the PL spectrum of the Ga3+ and La3+, Ga3+ doped samples.  The 

samples studied in this work were excited with a wavelength of 295 nm at room temperature. 

A broad peak covering 350 nm to 438 nm with varying intensity can be observed. Two 

additional low-intensity peaks were observed around 463 nm and 500 nm.  A broad peak 

indicates multiple recombination pathways. These recombination pathways might be from the 

localized states introduced by point defects such as vacancies [83], [84]. In both cases of 

doping, the SrTiO3 has a lower PL intensity than the doped samples. This indicates that the 

non-radiative recombination pathways in the doped samples are getting suppressed. Li, R. et 

al. [8] reported an increase in the PL intensity of Al3+: SrTiO3 as compared to undoped SrTiO3 

(a.) (b.)

(c.) (d.)
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due to suppression of deep-level Ti3+ trap states. Due to charge compensation mechanisms in 

La3+ co-doped samples, Ti3+ defects are prevalent. As discussed earlier, the blue color from 

dark to lighter as the  mol% doping increases. This may be due to the decrease in Ti3+ defect 

content in the materials. La3+ co-doping suppresses these defect centres which increases the PL 

intensity of the samples. Similar suppression of defect-induced trap states results in higher PL 

intensity of the monodoped samples. In both cases of doping, the 2 mol% doped sample showed 

the highest PL intensity. The 2 mol% co-doped also has the lowest dislocation density and 

hence, lesser the possibility of non-radiative trappings.  

 

Figure 3.24: The PL spectrum of  (a.) Ga3+ (b.) La3+ doped SrTiO3 samples were compared 

with undoped SrTiO3, with the main PL peaks represented by the dotted lines. The 2 mol% (co-

) doped samples show higher PL in both cases. In 3.25 (b), the line with the * represents the 

deconvoluted peak present only in the undoped sample.     

From Figure 3.24 (a)  the broad PL peaks can be deconvoluted into multiple peaks at 363 nm 

(3.43 eV), 385 nm (3.22 eV), 397 nm (3.12 eV), 424 nm (2.93 eV), 463 nm (2.68 eV) and 490 

nm (2.53 eV) for the monodoped samples. The La3+ co-doped sample exhibits peaks at 363 nm 

(3.43 eV), 390 nm (3.18 eV), 424 nm (2.93 eV), 463 nm (2.68 eV), and 490 nm (2.53 eV).  

Each of these peaks represents the transition states. The 397 nm peak is absent in the co-doped 

samples. The peak around 500 nm present in all the samples could be due to the recombination 

of electrons and holes coupled in a self-trapped exciton (STE) state [84]–[86]. STE peaks 

become more prominent at lower temperature PL measurements. At 397 nm and 463 nm, the 

emission could be linked to VÖ and VȮ
 [87]. At 363 nm, this emission could be due to the Ti3+ 

t2g states of the TiO6-octahedra [88]. Alternatively, the transmissions can be from Ga or Ti 

interstitials or vacancies. The PL emission data aligns with the previous data analysis about the 

presence of oxygen vacancies. Oxygen vacancies add levels close to the conduction bands 

which act as shallow donors [8]. The samples were irradiated with 4.2 eV (295 nm) which is 

higher energy than the band gaps of these materials. Therefore, the most intense peak around 

385 nm for the samples could indicate near-band edge (NBE) transitions from the valence to 

the conduction band. This aligns with the Eg of the samples observed with the DRS. In the 

samples synthesized in this study, the contributions from oxygen vacancy-related defect energy 

levels can be observed.   

*
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Steady-state PL helped in understanding the recombination suppression of the non-radiative 

pathways present in the synthesized materials. To better understand the recombination 

dynamics and carrier lifetimes in the samples, time-resolved PL techniques such as the TCSPC 

were employed.  

Determination of the nature of the doped samples based on the type of bandgap from the 

DRS-UV Vis and PL 

An important aspect of study is the nature of the band gaps of the samples synthesized in the 

Ph.D. work. Whether a material has a direct or an indirect band gap influences the electron-

hole dynamics and photoreactivity [89], [90]. From the DRS analysis, the direct and indirect 

bandgaps of the materials were measured as shown in Figure 3.25. In direct band gap materials, 

direct transitions from VBM to CBMin take place with radiative recombination between e- and 

holes [89]. Whereas in indirect bandgap materials, direct recombination cannot take place due 

to CBMin and VBM having different momentum in the Brillouin zone [89], [90]. Zanatta, A.R. 

[91] reports that to identify the nature of the band gap one should look for the plot that exhibits 

a clear linear region for fitting. In the case of the doped samples in this study, both direct and 

indirect plots exhibit a well-defined linear region. Therefore, whether the materials exhibit 

more direct or indirect bandgaps cannot be judged solely on the DRS data. From the PL 

analysis, both types of doping resulted in higher PL intensity indicating the dominance of 

radiative recombination processes via the suppression of non-radiative pathways [92], [93]. 

The higher PL intensity in these samples indicates a dominance of radiative recombinations 

which are more efficient in direct bandgaps as discussed above. Henceforth, based on this 

assumption in this study, the materials will be considered to possess a direct bandgap when 

they show stronger relative PL intensity. The (co-) doped materials exhibited higher PL 

intensity than the undoped sample and all the band edge alignments were done considering the 

direct bandgaps.  
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(a.) (b.)

(c.) (d.)

(e.) (f.)

(g.) (h.)

(i.) (j.).
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Figure 3.25:  (a.), (c.), (e.), (g.), (i) Direct and (b.),(d.), (f.),(h.), (j.) Indirect band gaps of the 

samples. In this study, the nature of bandgaps has been determined from the PL with higher 

intensity indicating more efficient radiative recombinations. 

From Figure 3.25 and Table 3.9, the direct band gaps of the doped materials did not show 

significant changes except for the 4 mol% La3+ co-doped samples with 3.34 eV. From the PL, 

the nature of the doped materials has been identified as direct and henceforth, this band gap 

will be used during the band edge alignment. Bandgaps are one of the intrinsic parameters that 

are important for identifying the band edges and determining the photoactivity towards a 

reaction. Intrinsic parameters are crucial for understanding the charge carrier dynamics in a 

photocatalyst. A systematic study of the intrinsic parameters has been undertaken in this work 

which are discussed in the subsequent sections.   

Time-correlated  Single Photon Counting (TCSPC) 

Time-resolved PL spectroscopy via TCSPC is essential for measuring the recombination 

lifetimes of the samples. The average lifetimes of the samples shown in Figure 3.26 were 

measured from the exponential fitting via the HORIBA Da6.8 software and reconvoluted decay 

time constants are shown in Table 3.10. All samples were measured at λexc = 282 nm.  

The average lifetimes of the samples were measured from the exponential fitting via the TCSPC 

software which are listed in Table 4 and shown in Figure 3.26. 

Table 3.10: Average lifetime of the samples 

Sr No Sample Average Lifetime, t (ns)a 

1 Undoped 0.15 ± 0.01 

2 2% Ga doped SrTiO3 0.14 ± 0.02 

3 2% La, Ga co-doped SrTiO3 0.17 ± 0.01 

4 4% Ga doped SrTiO3 0.19 ± 0.02 

5 4% La, Ga co-doped SrTiO3 0.22  ± 0.04 

a The errors in the lifetimes were added after remeasuring the samples and refitting the data 

From Table 3.10 and Figure 3.26(b), both the co-doped samples have a higher average lifetime 

as compared to the undoped and the monodoped samples. The 4  mol% La3+ co-doped SrTiO3 

has the highest average lifetime. Even though the 2 mol% co-doped showed higher PL intensity 

and lower dislocation density, the 4 mol% co-doped sample exhibited higher lifetimes. Li, R.  

et al. [8], reported that undoped SrTiO3 has longer lifetimes when measured in air than the Al3+ 

doped SrTiO3. They explained this phenomenon in terms of the surface depletion effect due to 

the absorption of oxygen species on the sample surfaces. They reported that the surface-

adsorbed oxygen captured free electrons resulting in a surface depletion layer that separates 

photogenerated e-/h+. This could lead to a lower lifetime in the 2 mol% co-doped sample as 

compared to the 4 mol% sample. The amount and the effect of adsorbed oxygen will be 

discussed in the band energy diagram section with further analysis of the adsorbed -OH groups. 
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The undoped sample has a lower PL signifying the presence of defects that are detrimental to 

lifetimes. 

Correlating higher PL intensity and higher lifetimes is hard to apply to the monodoped samples.  

The monodoped samples showed similar lifetimes with the undoped as shown in Figure 

3.26(a).  This phenomenon can be correlated with the dislocation density calculated in the 

previous section. The Ga3+ monodoped samples exhibit higher dislocation densities as shown 

in Table 3.3. Due to their presence in higher concentrations, these defects could act as sinks for 

point defects to act as traps that obstruct charge carrier mobility. These traps lead to faster 

recombinations lowering the lifetimes of the monodoped samples. A contradiction to this 

observation has been reported by Blumenau, A. et al. [55]. They reported a higher PL due to 

interstitial clusters around the dislocations in Si. Alternatively, the surface-adsorbed oxygen 

could also inhibit the lifetimes in the monodoped samples.  

 

 

Figure 3.26: Average room temperature TCSPC lifetimes of (a) Ga3+ (b) La3+, Ga3+ doped 

SrTiO3 samples (c), (d) shows the plots with the time in log scale to highlight the lifetime change 

in the samples. The 4 mol% co-doped sample shows the highest lifetime. The log-log plot is 

utilized to magnify small differences i.e. by applying logarithmic scaling to both axes, subtle 

deviations in the decay dynamics become more discernible. 

(a) (b)

(c) (d)
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Charge carrier dynamics is an important aspect of understanding the performance of a 

photocatalyst. However, as Li, R. et al. [8] in their work reports that higher lifetimes are not 

always an indicator of the higher quantum efficiency of the catalysts. They emphasize more on 

the charge extraction methods that determine the efficiency of the photocatalysts. Hence, other 

material properties should be considered as well while determining the performances. 

Concerning the other opto-electronic properties of the synthesized materials, the valence band 

maxima position was studied with the XPS, and the spectrum are discussed in the subsequent 

section. 

Effect of Doping on the Valence Band  

Figures 3.28 and 3.29 show the normalized valence band spectrum measured with the XPS. 

The spectrum show the main peaks between 3 eV to 8 eV which aligns with the literature [94], 

[95]. The feature between 3 eV to 8 eV is due to the hybridization between the O2p and the 

Ti3d states. For the undoped sample, the linear extrapolation fittings gave a valence band 

maximum (VBM) and the fermi level (EF) separation at 2.21 eV at the intersection of the two 

fitted lines as shown in Figure 15. Moss, B. et al. [95] reported the VBM-EF separation to be  

1.8 eV. This is mainly due to the linear fitting of one edge. Jiang, D. et al. [96] reported a VBM-

EF separation of 2.12 eV with a double fitting close to the value obtained in this work. 

 

Figure 3.27: VBM-EF separation of undoped SrTiO3 at 2.21 eV. The VBM-EF separation was 

measured at the intersection of the linear fittings. The counts/sec on the Y-axis are measured 

in arbitrary units, a.u. 

The VBM analysis of the doped samples showed the main features of the spectrum between 3 

eV to 8 eV as the undoped shown in Figure 3.28. Alarab, K. et al. [94] observed additional 
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states between 2-2.5 eV binding energy of their Ni-doped SrTiO3 which was attributed to 

additional states being introduced above the VBM.  Moss, B. et al. [95] attributed the visible 

light absorption in Rh-doped SrTiO3 to doping-induced states introduced above the VBM. In 

the samples synthesized in the Ph.D. work, no such states were observed which aligns with the 

UV Vis data where no additional mid-gap states were observed. Hence, band gap narrowing 

was not observed for the Ga3+ and La3+ co-doped samples as no states were introduced in the 

bandgap. The VBM-EF of the doped samples is summarized in Table 3.11.  

 

Figure 3.28: VBM-Fermi level separation of (a) 2 mol% Ga3+ (b) 2 mol% La3+, Ga3+ (c) 4 

mol% Ga3+ (d) 2 mol% La3+, Ga3+ doped SrTiO3. The monodoped samples show a higher EF-

VBM separation whereas on co-doping the separation decreases indicating a decrease in n-

type nature. The counts/sec on the Y-axis are measured in arbitrary units, (a.u.). 

Table 3. 11: VBM-EF separation of the doped samples 

Sr No. Samples VBM-EF Separation (eV) 

1 SrTiO3 2.21 

2 SrTi(0.98)Ga(0.02)O3 2.44 

3 SrTi(0.96)Ga(0.04)O3 2.53 

4 La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 2.07 

5 La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 2.07 
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The VBM edge of the 2 mol% and the 4 mol% Ga3+ monodoped sample shifts to higher binding 

energy as compared to the undoped indicating a more n-type nature as shown in Table 3.11. 

The increase in n-type nature with Ga3+ doping is consistent with the work of Neagu, D.  et al. 

[97]. The VBM edge of the 2 mol% and the 4 mol% La3+ co-doped sample shifts to lower 

binding energy as compared to the undoped reducing the n-type nature. Both the observed shifts 

are counterintuitive as Ga3+ is an acceptor and La3+ is a donor-type dopant. This can be 

rationalized through the presence of doubly ionized oxygen vacancies and the electrons as 

shown in Eq (3.5). These electrons reduce the Ti4+ to Ti3+ which increases the n-type nature. 

With the co-doping, the Ti3+ reduces as seen in the PL intensity in Figure 3.24(b). The 

suppression of Ti3+ could decrease the n-type nature and therefore, push the fermi level lower 

in the co-doped samples. In the monodoped samples, higher charge compensation with Ga3+ 

doping could happen with the formation oxygen vacancies (doubly ionized) rather than Ti3+. 

Therefore, these point defects can act as electron donor to the conduction  band increasing the 

n-type behaviour. 

The valence band analysis helps us understand how doping affects the nature of the 

conductivity of the samples. The positions of the VBM, the CBMin, and the bandgap help in the 

band edge alignment from which the photoactivity of the doped materials can be predicted. For 

the overall band edge alignment, the position of the fermi level is as important. To calculate 

the position of the fermi level, the work function (ϕ) must be determined. The work function 

measurement is discussed in detail in the following section. 

Effect of Doping on the Work Function   

The work function is defined as the minimum energy required to remove an electron from the 

fermi level to a point in vacuum [98]. As discussed in the previous chapter, the work function 

arises from two contributions- a surface and a bulk component [99]. Since photocatalysis is a 

surface phenomenon therefore the surface contribution of the ϕ. The work function in this study 

was calculated from the secondary electron cut-off measured with the XPS. The Cut-off Energy 

(Ecut-off) is the region in the graph that was linearly fitted as shown in Figures 3.29 and 3.30. 

The samples were subjected to a photon energy (hν) of 29.47 eV. The following Eq was used 

to measure the work function.  

Work Function, ϕ = hν - Ecut-off       (3.11) 
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Figure 3.29:  Measurement of the ϕ of undoped SrTiO3 from the Ecut-off from the XPS. The y-

axis is measured in counts/sec with arbitrary units (a.u.). 

Figure 3.29 shows the measured work function of the undoped SrTiO3 at 4.22 eV from the 

XPS. The cut-off spectrum show a single peak for the samples indicating clean surfaces. Figure 

3.30 shows the spectrum for the doped samples.  
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Figure 3.30: Measurement of the work function of (a) 2 mol% Ga3+ (b) 4 mol% La3+ (c) 4 

mol% Ga3+ and (d) 4 mol% La3+ doped  SrTiO3 showing an increase in the work function in 

most samples except the  4 mol% Ga3+ monodoped sample. 

No trend can be identified in the work function of the samples. The 2 mol% Ga3+ monodoped 

sample showed an increase in ϕ compared to the undoped. In the 4 mol% Ga3+ monodoped 

samples, the work function decreases to 4.13 eV. In the 2 mol% and the 4 mol% La3+ co-doped 

samples, the ϕ increases compared to the undoped. However, it shows a slight decrease with 

an increase in doping. The ϕ of the samples are listed in Table 3.12 along with other intrinsic 

parameters that affect the performance of a photocatalyst.  

From the valence band and the work function, the band edge alignment (BEA) was done. BEA 

is instrumental in calculating two fundamental intrinsic parameters- the electron affinity (EA) 

and the ionization potential (IP). A trend was recognized where the samples with higher charge 

carrier lifetimes showed lower EA and IP. The EA and the IP are important to ascertain the 

CBMin and the VBM respectively. Detailed analysis of the intrinsic parameters is discussed in 

the following section. 
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Band Edge Energy Diagrams from the Work Function (ϕ), the Band Gap (Egd), and the 

Valence Band Analysis 

The band edge energy diagrams (Figures 3.32-3.33) of the samples were calculated from the 

direct band gap (Egd) measurements, work function (ϕ), and valence band analysis. From the 

energy diagrams the electron affinity (χ), the ionization potential (IP), and the band gap (Eg) 

are depicted in Table 3.12. All the values were calculated from the vacuum level. 

Table 3.12: Measurements of Work Function (ϕ), Electron Affinity (χ), Ionisation Potential 

(IP), and Band Gap (Eg) from the Band Energy Diagrams in Figures 3.31 and 3.32 

Sample ϕ (eV) χ (eV) IP (eV) Egd (eV) 

SrTiO3 4.22  3.13 6.43 3.30 

SrTi(0.98)Ga(0.02)O3 4.33 3.47 6.77 3.30 

La(0.02)Sr(0.98)Ti(0.98)Ga(0.02)O3 4.29 3.06 6.36 3.30 

SrTi(0.96)Ga(0.04)O3 4.13  3.37 6.66 3.29 

La(0.04)Sr(0.96)Ti(0.96)Ga(0.04)O3 4.26  2.99 6.33 3.34 

 

 

Figure 3.31:  Band edge energy diagrams of (a) 2 mol% Ga3+ (b) Undoped and (c) 2 mol% 

La3+,Ga3+ doped SrTiO3.  
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Figure 3.32: Band edge energy diagrams of (a) 4 mol% Ga3+ (b) Undoped and (c) 4 mol% 

La3+,Ga3+ doped SrTiO3. 

From Figures 3.31-3.32, Ga3+ doping pushes the fermi level closer to the CBMin making the 

monodoped samples n-type. With La3+ the fermi level is pushed back. The position of the fermi 

level here can be correlated with the presence of the -OH groups and Ti3+ defects as discussed 

in the XPS elemental analysis in section 3.3.2.  A comparison of hydroxyl species and Ti3+ with  

mol% doping is shown in Figure 3.33 (a) and (b).  

 

Figure 3.33: Effect of doping on the (a) -OH species and (b) Ti3+ defects as measured with the 

XPS. The decrease in Ti3+ defects aligns with the higher PL intensities in the doped samples 

which demonstrated a decrease in non-radiative recombination pathways. 

From Figure 3.33 (a), the presence of -OH groups indicates the amount of surface oxygen 

vacancies where these species adsorb on the vacant sites on the surface. The -OH species were 

found to be higher in the co-doped samples than their monodoped counterparts. Takata, T.  et 

al. [12] reported the introduction of oxygen vacancies and the suppression of Ti3+ that led to 

higher photocatalytic performance of the Ga3+ doped SrTiO3. Similar observations were also 
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made in this study. The presence of Ti3+ in the samples was observed to have decreased with 

both types of doping as seen in Figure 3.33 (b). Oxygen vacancies as discussed earlier act as 

shallow electron donors. These could lead to the increase in n-type conductivity in the 

monodoped samples as observed in the band edge alignment in Figures 3.31-3.32. However, 

these samples have higher Ti3+ than the co-doped samples. This could lead to a higher n-type 

conductivity observed in the band edge energy diagrams (Figures 3.31-3.32). The co-doped 

samples show a decrease in n-type conductivity due to a greater suppression of Ti3+. 

Suppression of Ti3+ in Figure 3.33 (b) can be positively correlated to the PL in Figure 7 (a, b)  

where the doped samples show higher radiative recombination.  

In the 4 mol% La3+ co-doped samples and monodoped samples, suppression of Ti3+ can also 

be positively correlated to the lattice volume changes in Figure 3.4 (a-b). These samples 

showed volume shrinkage which could be because a lesser amount of Ti4+ is reduced to Ti3+. 

Ti3+ in the B-site with a greater ionic radius would promote expansion. In the 2 mol% co-doped 

sample, a lattice expansion was observed even though Ti3+ was suppressed. Two possible 

reasons for this could be the presence of the type of oxygen vacancies present as discussed in 

Section 3.3.1. The second more likely reason in this case could be the site of substitution of the 

dopants. If the La3+ with a higher ionic radius gets fully or partially substituted in the smaller 

B-site an expansion can occur.  

Another apparent trend is the decrease in the EA and the IP with La3+ co-doping. Here a theory 

can be proposed that when there is a window of low EA and IP, lifetimes are higher. This could 

be due to low trapping and higher charge carrier mobility. A similar trend can be seen in the 

La3+ co-doped samples where higher lifetimes are accompanied by lower EA and IP. This 

correlation is shown in Figure 3.34. Lower traps in the co-doped samples can also be supported 

by the high PL intensity (lower non-radiative recombination) in Figure 3.24 compared with the 

monodoped and the undoped samples. 
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Figure 3.34: La3+ co-doped samples demonstrating higher lifetimes with lower EA and IP. 

This could be due to lower trapping due to a decrease in defects as observed with the PL 

intensity which increases the charge carrier mobility. The error in the EA and IP were added 

from the standard deviations after recalculating the band edge alignment. 

Band Edge Alignment to Water Redox Potential 

Band alignment is used to predict the photocatalytic activity towards water splitting. For the 

best photocatalytic water splitting, the band gap of the material should be straddling the water 

redox potential of 1.23V [95]. The redox water potentials are at -4.5 eV for E(H+/H2) and -5.73 

eV for E(O2/H2O) on the vacuum scale [95]. The band edge alignment to the water redox 

potentials was calculated as shown in Figure 3.35 with data from Figures 3.31-3.32. In the case 

of the samples synthesized, all of them might demonstrate photo-activity.  
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Figure 3.35:  Band Edge Alignment to Water Redox Potentials (vacuum) of undoped and doped 

samples considering direct bandgaps as measured with the UV-vis diffuse reflectance 

spectroscopy. The work function and the EF-VBM separation as measured with the XPS were 

used to calculate the positions of VB and CB.   

From Figure 3.35, it can be observed that the fermi level shifts are close to the undoped for the 

2 mol% monodoped, 2 mol%, and 4 mol% co-doped samples. At -4.13 eV, the fermi level of 

the 4 mol% Ga3+ doped sample shows a slightly higher shift. For enhanced photoactivity, the 

CBMin should be more negative to the water reduction potential and the VBM should be more 

positive to the water oxidation potential [100]. Comparing the oxidation potentials (VBM) of 

the co-doped samples with the undoped, they lie closer to the E(O2/H2O). This indicates that a 

lesser overpotential is required to drive the oxidation reaction. To validate the performance of 

the La3+ co-doped catalysts from the band edge alignment photoelectrochemical analysis was 

carried out which is discussed in the subsequent section. 

3.3.4 Performance Evaluation: Photoelectrochemical (PEC) Measurements   

PEC measurements were done on the undoped and Ga3+/La3+ (co-) doped samples in 1M KOH, 

pH = 13.6. The catalyst solutions were doctor-bladed on 2cm x 5cm FTO slides. The catalyst-

coated FTO slides (working electrodes) were loaded on the H-cell. The electrical connections 

to the cell were completed with Pt wire as a counter electrode and Ag/AgCl (Sat. KCl). The 

irradiated area was 1 cm2 of the working electrode on the backside (electrode-electrolyte 

contact). Figure 3.36 (a), (b), and (c) demonstrate the linear sweep voltammetry (LSV) 
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measurements of the Ga3+ doped and La3+ co-doped samples under chopped AM1.5G and UV 

(40% intensity) irradiation at 0.02V/s scan rate. All the measurements were converted to V vs 

RHE with the Nernst Eq as discussed in the methods chapter.   

 

Figure 3.36: Linear sweep voltammetry measurements of La3+ co-doped samples under (a) 

AM1.5G (b) UV (40% intensity) (c) Ga3+ doped SrTiO3 samples at 900 °C under UV (40% 

intensity) with the inset demonstrating the light response towards OER (d) Ga3+ doped SrTiO3 

samples at 900 °C under UV (40% intensity) with the inset demonstrating the light response 

towards HER. 

Under both types of light irradiations- AM1.5G and UV, the 2 mol% La3+ co-doped samples 

show higher light response. Even though under UV irradiation the 2 mol% co-doped sample 

showed a higher oxidation current density, the undoped sample has an earlier onset potential. 

Under AM1.5G, the 2 mol% co-doped sample has an earlier onset for both reduction and 

oxidation potentials as seen in the CV in Figure 3.37(a). Earlier onset indicates how easily 

reducible or oxidizable the material is. However, the light response is observed only towards 

the oxidation reaction. The Ga3+ monodoped samples show photoresponses towards both HER 

and OER, as shown in Figures 3.36(c, d) and 3.37 (b). The monodoped samples show a higher 

decrease in onset potential towards OER. 

In the case of Ga3+ monodoped samples under UV irradiation,  the 4 mol% and 2 mol% samples 

show much higher oxidation current density than the undoped and the La3+ co-doped samples. 

An oxidation peak can be observed in the 2 mol% Ga3+ doped sample at 1.37 V vs RHE shown 

(a.) (b.)

(c.) (d.)
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in Figure 3.36 (c) inset with *. Sr, Ga, and La are stable as Sr2+, Ga3+, and La3+ and are not 

oxidizable. No such peaks were observed in the 4 mol% monodoped sample or any other 

synthesized samples which could be an instrumental artifact. The photocurrents were measured 

from the chopped illumination. Under UV irradiation, the photocurrents measured from light 

on and off are 0.48, 1.76, and 0.10 μA for the undoped, 2  mol%, and 4 mol% co-doped samples 

respectively. When illuminated with AM1.5G, the photocurrents are 0.22, 0.51, and 0.06 μA 

for the undoped, 2  mol%, and 4 mol% co-doped samples respectively. For the Ga3+ doped 

series at 900°C, the 2 mol% and 4 mol% monodoped samples showed 0.58 and 0.43 μA. 

 

Figure 3.37: Cyclic voltammetry graph comparing the performance under (a) AM1.5G 

conditions of La3+ co-doped samples (b.) UV irradiation of Ga3+ monodoped samples. In both 

(a) and (b), the doped samples perform better towards OER and HER in the case of the 

monodoped samples. 

The performance of the monodoped catalysts is higher under UV conditions (Figure 3.37 (b)). 

Therefore, it can be inferred that Ga3+ mono-doping can improve UV absorption. The 2 mol% 

doped sample shows higher photoresponse than the undoped one and the 4 mol% is slightly 

lower. The co-doped samples show higher performance under AM1.5G (Figure 3.36 (a)) 

indicating the ability to absorb in the visible light region. Under UV irradiation in Figure 3.36 

(b), the 2 mol% La3+ co-doped sample exhibits higher current density than the 4 mol% co-

doped and undoped samples.  The trend in the doped samples in Figure 3.36 follows the same 

trend as the PL intensity in Figure 3.24 (b). The higher current density observed under the light 

conditions in the doped samples can be attributed to the suppression of defects such as Ti3+ as 

seen in Figure 3.33 (b). Under UV illumination, even though the 4 mol% has a lower current 

density than the undoped, the photo response is better. The dark current in Figure 3.37 (a) and 

(b) also indicates that the doped samples are more conductive which aligns with the higher 

suppression of Ti3+. Higher photoresponse in the co-doped samples can also be due to better 

charge carrier migration as seen from the TCSPC higher lifetimes seen in Figure 3.26 (b). The 

absorption features in the visible light region in the case of the co-doped samples as seen in 

Figure 3.22(b) could also have contributed to the performance. The performance under 

AM1.5G conditions can be validated by the band edge alignment observed in Figures 3.31, 

(a.) (b.)
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3.32, and 3.35 which shows the favourable position of the VBM to the oxidation potential. The 

n-type conductivity of the samples can also facilitate the performance towards OER.  

Another set of experiments is being conducted on these samples which are still in their 

preliminary stages. Here the photoelectrodes with doctor-bladed Ga3+ and La3+ (co)-doped 

catalysts were prepared with an ALD-grown 10 nm thick TiO2 blocking layer in between the 

FTO and the catalyst layer. The primary function of this layer was to prevent the catalyst from 

being washed off when dipped in the electrolyte and hence, to improve adhesion. In these 

experiments, the La3+ co-doped showed the highest photocurrent with the PEC analysis 

followed by the undoped samples. The Ga3+ doped samples showed the lowest performances. 

These results are shown in Figure 3.38. However, these studies are still ongoing, and the results 

need more detailed analysis. 

 

Figure 3.38:  (a) Comparison of light and dark currents in 4 mol% Ga3+ doped SrTiO3 showing 

a small difference (b) Higher photocurrents in 4 mol% La3+, Ga3+ co-doped samples  (c) 

Chronoamperometry results showing higher photocurrents in the La co-doped samples. 

 

 

(a) (b)

(c)
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The photoresponses of the co-doped samples in the current studies could be attributed to the 

microstructural and opto-electronic factors observed from the characterization techniques 

utilized so far. Another behavior that could contribute to the performance of the catalyst is 

exsolution which was observed with the TEM. The exsolution in this work was unintentional 

and is speculated to be due to the high-temperature calcination. Exsolution has been reported 

to facilitate higher photo-(electro)-catalytic rates due to the higher surface area (more active 

sites) provided for catalytic reactions. With the higher Ga3+ content in the 2 mol% co-doped 

sample, the better performance in the PEC can be justified. As observed from the TEMs, these 

exsolved particles with their small sizes provide higher surface areas that facilitate higher 

performances. Another trend that can be recognized here is the surface segregation of the 

dopants as observed with the T-T-S as discussed in Section 3.3.2. This segregation could also 

facilitate the doped samples in demonstrating higher performance. From the TCSPC and the 

PEC results, it is evident that the performance of photo-(electro)-catalysts is dependent on 

several parameters including the type of defects present. In this study, crystallographic defects 

such as dislocations and grain boundaries were observed which act as sinks for point defects 

such as vacancies. The role of 1D defects particularly dislocations and their role in photo-

(electro)-catalytic performance is still a very novel field. 

3.4 Conclusion 

In this work, a series of Ga3+ mono- and La3+, Ga3+ co-doped samples were synthesized with 

the sol-gel Pechini method with calcination at 900 °C for 6 h. d10 type dopants did not exhibit 

any bandgap narrowing. The higher PL intensities of the doped samples indicate a more 

efficient defect suppression. However, the 2 mol% and 4 mol% La3+ co-doped samples deviated 

from the rest of the samples as being bluish-grey compared to the white color. Characterizations 

revealed anomalous absorption features and exsolution which were found to have affected the 

performances of the photocatalysts. These anomalous features were closely related to the 

overall defect chemistry. 1D and 2D defects were observed to have acted as sinks and 

nucleation pathways for vacancies and exsolution respectively. Oxygen vacancies were found 

to have affected intrinsic parameters such as the EA, the IP, and the charge carrier dynamics. 

The Ga3+ monodoped samples showed a higher n-type nature which indicates the presence of 

oxygen vacancies. Therefore, the formula of the monodoped samples can be written as SrTi(1-

x)GaxO3-y where x is the mol% dopant and y is the missing oxygen.  Adding La3+ was found 

to have decreased the n-type conductivity by pushing the fermi level away from the CBMin 

thereby charge compensating. A time-temperature-solubility dependence of the samples was 

observed with the XPS which indicated surface segregation of the dopants. Preliminary 

analysis showed this to be one of the factors in facilitating the higher PEC performances of the 

doped samples. This phenomenon will be studied in detail in the next chapter and a broader 

conclusion will be drawn for the Ga3+ doped samples in terms of properties and performances. 

In summary, this work attempts to understand the underlying mechanisms and defect 

suppressions that can affect the performance of photo-electrocatalysts.  
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Appendix 

Table 3.1 A: XPS elemental ratios of commercial SrTiO3 

Name  Peak BE 

FWHM 

eV 

Area (P) CPS 

eV 

Atomic 

% 

C1s C-C 284.75 1.11 379.34 1.2 

C1s C-O-

C 285.54 1.48 237.45 0.75 

C1s CO3 289.25 2.02 151.65 0.48 

O1s 

Lattice 529.62 1.08 32062.05 41.79 

O1s -C=O 530.38 0.69 1314.4 1.71 

O1s -OH 531.33 1.86 6648.31 8.68 

O1s C-O-

C 532.24 1.44 2246.79 2.93 

Sr3d5/2 133.15 0.92 21584.36 14.63 

Sr3d3/2 134.9 0.93 14870.83 14.64 

SrCO3 134.09 0.93 1577.77 1.07 

SrCO3 135.79 0.93 1087.03 1.07 

Ti2p3/2 458.5 0.96 19801.54 10.88 

Ti3+ 

Defects 457.44 0.57 224.55 0.12 

TiO2 459.15 0.49 82.68 0.05 
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Chapter 4: Enhancements to Sol-Gel Pechini Process- Impact of Annealing 

Temperatures on Material Properties of Ga3+ doped SrTiO3 

Summary 

In this work, Ga3+ doped SrTiO3 was synthesized at 500 °C-800 °C. Microstructural and opto-

electronic properties were found to have been affected by the synthesis temperature due to 

induced defects. These defects were found to affect the charge carrier dynamics. Higher lifetimes 

were observed for the Ga3+ doped SrTiO3 samples synthesized at varying temperatures indicating 

better charge separation than the undoped SrTiO3 samples.  

 

4.1 Introduction 

Photocatalytic reactions are a promising strategy for producing clean and useful fuels by 

harvesting solar energy [1]. A prerequisite of highly efficient photocatalytic fuel generation is 

designing catalysts that enhance the conversion to useful fuel products. Owing to the high 

photochemical stabilities of titanate perovskites, SrTiO3 is a promising candidate for 

photocatalysis reactions [2]. Doping trivalent metal ions such as Rh3+ and Al3+ in SrTiO3 has 

been reported to be an efficient method to increase the photocatalytic activity [3][4]–[6][7]. 

Doping with trivalent metal cations such as Ga3+ with d10 configurations has also been reported 

to enhance photocatalysis [8].  Neagu, D.  et al. [9] reported an enhanced n-type conductivity 

in SrTiO3 when doped with La3+ in the A site and with Ga3+ in the B site. However, studies on 

the material properties and the photocatalytic performance of Ga3+ doped SrTiO3 are limited. 
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Doping often introduces trap states and defects such as oxygen vacancies [10], [11]. The role 

of defects in photocatalysts is an ongoing scientific debate. There is still much to be understood 

about defects and material properties that are affected by these defects. Therefore, designing 

and understanding novel catalysts is a crucial step in advancing the field of photocatalysis.  

The fundamental step in designing a novel photocatalyst is its synthesis route.  The material 

properties and the subsequent photocatalytic activity depend on the synthesis route [12]. The 

synthesis route of photocatalytic materials affects their morphological, optical, and electronic 

properties. The most reported synthesis method is the solid-state synthesis [7],[13]. The major 

advantage of the solid-state method is the high degree of crystallinity that the synthesized 

materials exhibit. Crystallinity is one of the important material characteristics that can enhance 

photocatalysis [5]. The major drawback with the solid-state synthesis is that high temperatures 

are employed in this route which is energy intensive. Moreover, at higher temperatures, the 

particles coalesce together to form bigger particles and as a result, decrease their surface areas 

[14]. Therefore, exploring new synthesis routes that are more energy efficient and retain the 

characteristic properties of a highly efficient photocatalyst is required. 

The conditions such as the annealing temperatures and reducing or oxidizing environments 

applied during the synthesis process determine the material properties. Varying annealing 

temperatures have been found to affect microstructural, optical, and electronic properties  [15]–

[18]. In this study, the sol-gel Pechini route at various annealing temperatures has been 

employed to synthesize undoped and Ga3+ doped SrTiO3 photocatalysts. The core objective is 

to study the effect of the temperature and doping of novel trivalent d10 metal ions in the Ti4+ 

site of SrTiO3. This work focuses on the intrinsic and extrinsic properties that affect the material 

performance. In this study materials are synthesized at varying temperatures to determine the 

suitable conditions and properties that result in a highly efficient photocatalyst. Detailed 

analysis of both the extrinsic and the intrinsic material properties such as the lifetimes, defects, 

microstructure, electron affinity, and ionization potential has been studied to understand and 

improve Ga3+ doped SrTiO3. This work aims to lay a framework by determining a synthesis 

method and condition to make photocatalysts and extend our understanding of the material 

properties that enable this. 

Motivation for the Temperature Dependent Studies on Undoped and Ga3+doped samples  

In Chapter 3, the samples synthesized at 900 °C showed crystallographic defects such as grain 

boundaries which could have facilitated the exsolution process by acting as nucleation sites. 

Figure 4.1 shows the formation of grain boundaries in the Ga3+ doped SrTiO3 samples. At 

higher temperatures, the particles undergo sintering or the Ostwald ripening process that lead 

to bigger particles. Ostwald ripening involves the smaller particles melting and enlarging upon 

depositing on a neighboring particle [19]. Figure 4.2 shows the elongation (melting) of a 

particle and its merging to enlarge. At 900 °C, it was also observed that in some particles the 

distribution of Ga3+ doping was found to be inhomogeneous as shown in Figure 4.3. The 

distribution of the elements is listed in Table 4.1.  
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Figure 4.1: Ga3+ doped SrTiO3 nanoparticles coalesced at 900 °C to form bigger particles 

leading to the formation of grain boundaries. The particles are prone to agglomeration at high 

temperatures although exhibiting higher crystallinity. 

 

Figure 4.2:  The elongation of a particle and merging with the bigger particle due to high-

temperature calcination 2  mol%  Ga3+doped sample indicates that particles undergo sintering 

and Ostwald ripening at higher temperatures.  

(a) (b)

(c) (d)
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Figure 4.3:  HAADF STEM image of 4 mol%  Ga3+ doped SrTiO3 synthesized at 900 °C 

demonstrating heterogeneity in Ga distribution. This could be due to local variations in the 

diffusion rates of the dopant leading to non-uniform doping. 

Table 4.1 : Element distribution from EDX collected from Figure 5 in 4 mol%  Ga3+ doped 

SrTiO3 synthesized at 900 °C 

Spectrum Sr (At%) 

(value ± 

0.11 At%)a 

Ti (At%) 

(value ± 

0.12 

At%)a 

Ga (At%) 

(value ± 

0.05 

At%)a 

O (At%) 

(value ± 

0.08 

At%)a 

Ga3+/(Ga3+ 

+ Ti4+) (At 

%) 

(Ga3++ 

Ti4+): 

Sr2+:O2- 

(At %) 

1 (Area 1) 27.20 20.46 1.19 51.14 5.50 1:1.3:2.4 

2 (Area 1) 28.99 21.38 0.91 48.73 4.09 1:1.3: 

2.2 

3 (Area 2) 23.47 18.05 1.37 57.11 7.05 1:1.2:2.9 

4 (Area 2) 24.94 18.94 0.64 55.48 3.27 1:1.3:2.8 

5 (Area 2) 23.71 18.84 0.55 56.90 2.84 1:1.2:2.9 
a The errors in the At% were added after remeasuring the areas with the EDX 

From Table 4.1 and Figure 4.3, the elements in two areas of the same sample show variation in 

their distribution at 900 °C. Spectra 1 and 2 are in Area 1 and spectra 3,4 and 5 are in Area 2. 

The difference in Ga3+ distribution is more apparent in Area 2 where the distribution varies 

between 1.37 atomic % to 0.55 atomic %. This may be speculated to be due to an uneven dopant 

diffusion at higher temperatures. The primary motivation for this study is to understand whether 

the observed anomalous behavior pertains only to the high-temperature samples and how the 

doped samples behave when synthesized at lower temperatures. High-temperature synthesis is 

energy intensive and therefore, the viability of a lower temperature at which phase purity is 

achieved was also investigated in this work.  In the previous chapter, a time-temperature-

solubility factor was discussed which could affect how and in what quantity the dopant is being 

incorporated into the SrTiO3 matrix. Therefore, to investigate this factor further, the time of 
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synthesis was increased to 10 h in the low-temperature synthesized samples, and the effect was 

investigated. 

4.2 Results and Discussion 

The section starts with a brief discussion of the synthesis process. Phase pure materials were 

synthesized at temperatures as low as 500 °C. The phase purity is discussed with the 

Goldschmidt’s tolerance factor and the XRD. With the XRD, the microstructural parameters 

such as the crystallite sizes, the microstrain, and the lattice volumes are discussed. In this 

section, the effect of oxygen vacancies on the microstructure are studied.   

4.2.1 Sol-gel Pechini 

In this study, sol-gel Pechini process has been used as the catalyst synthesis route due to the 

presence of an alkoxide precursor, Titanium (IV) Isopropoxide.  This route removes the 

difficulties associated with conventional alkoxide-based sol-gel processes. Alkoxide precursors 

are sensitive to moisture and they can undergo rapid hydrolysis and condensations [20], [21]. 

This in turn can affect reaction kinetics and the final catalyst's morphologies. In the Pechini 

process, the metal cations from the precursors having different hydrolysis and condensation 

rates are entrapped in a polymer network by the chelating agent. In this study, citric acid 

monohydrate has been used as a chelating agent due to its high stability [21]. The ethylene 

glycol on the other hand aids in polyestrification by forming a polymer network around the 

metal citrate complex and immobilizes the cations. The cations are homogeneously dispersed 

in the gel and the segregation of multiple phases is inhibited [22]. The polymer network 

prevents the thermal decomposition of the metal-citrate complex from controlling the growing 

product [23]. In this study, citric acid and ethylene glycol in a molar ratio of 4:1 was used to 

preserve the stoichiometric ratio between the metal cations [24]. Higher CA relative to the EG 

promotes the formation of a dense polymer network that ensures the uniform dispersion of the 

metal cations. The higher CA can also ensure that phase segregation is inhibited. In the case of 

the Ti4+ transition metal cation (central atom), the CA molecules will bond through the oxygen 

atoms through the carboxyl (-COOH) and hydroxyl (-OH) bonds. The formation of the 

transition metal chelate complex is shown in Figure 4.4. 

 

Figure 4.4:  A Ti4+ chelate complex with two deprotonated CA molecules with a charge of -2 

[25]. CA loses protons (H+) when it coordinates with Ti4+. 

In the Pechini process or any other solution combustion synthesis process, temperature is an 

important parameter that determines the crystallite, grain, and particle size. In the work of Can 
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Li [26], the nanomaterials were calcined at 900 °C with improved crystallinity. In the current 

Ph.D.. work, there are two critical temperature steps in the synthesis route at 197 °C 

polyestrification and calcination at a range of temperatures from 450 °C to 900 °C.  

4.2.2 Synthesis of Phase Pure Materials at 500 °C 

Doped and undoped samples were synthesized at 450 °C, 500 °C, 600 °C,700 °C, 800 °C and 

900 °C  as shown in Figure 4.5. It was observed that white materials were first yielded at 500 

°C which was confirmed to be phase pure with the XRD analysis as shown in Figure 4.6. The 

500 °C sample was compared with the sample prepared at 900 °C to eliminate any indiscretion 

regarding the presence of secondary phases as shown in Figure 4.6. The small peak at around 

29.5° 2θ angle was confirmed with the Spectral Line Analysis Tool in the Expert High Score+ 

XRD Analysis Software to be due to kß radiation from the diffractometer.  

 

Figure 4.5: Samples synthesized at different annealing temperatures from 450 °C to 900 °C.  
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Figure 4.6:  Phase pure materials were first obtained at 500 °C. The low-temperature 

synthesized samples were compared with, and the samples synthesized at 900 °C to check phase 

purity. The peak at 29.5° 2θ is due to kß radiation. 

During the synthesis process, the calcination temperature is the key parameter in determining 

the phase purity, the extent of incorporation of the dopants, and the nature of the materials. 

During the calcination, the Ga precursor decomposes to Ga2O3 and reacts with the SrTiO3 to 

give the Ga3+ doped samples. In this work, we study the effect of different calcination 

temperatures on the material properties and their potential to be a photocatalyst.  

4.2.3 Goldschmidt’s Tolerance Factor Consideration in the Structural Stability 

The Goldschmidt’s tolerance factor, t indicates that the doped samples maintain structural 

stability and show no secondary phases. Table 4.2 shows the ‘t’ of the samples.  

Table 4.2: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples 

Sr No Sample Tolerance Factor, t 

1 Undoped SrTiO3 1 

2 2 mol%  Ga doped SrTiO3 1.001 

3 4 mol%  Ga doped SrTiO3 1.001 
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From Table 4.2, the tolerance factor of the samples is 1 which is within the tolerance limit 

0.75<t<(=) 1 as discussed in the previous chapter. It can be inferred from Table 4.2, that the 

samples retain the cubic structure with no distortions upon Ga3+ mono-doping. This can be 

further validated with XRD patterns which showed similar results. 

4.2.4 XRD Analysis 

XRD patterns of the undoped and doped samples synthesized at different calcination 

temperatures retain the cubic structure of SrTiO3 as shown in Figure 4.7. Crystallization starts 

at 500 °C and secondary reflections from impurity phases were not observed. Peak indexing 

was done according to ICSD 23076 [27]–[29]. In all the samples the (110) peak is the most 

intense. XRD was repeated for the samples three times and error bars were included for the 

results. 

 

Figure 4.7:  Phase pure materials as determined from the XRD diffraction patterns of the 

samples synthesized at different temperatures compared with the standard SrTiO3 sample, 

ICSD  (pink) [27]-[29]. The XRD pattern of the samples was collected with the same 

parameters described in Chapters 2 and 3.  

The analysis of the XRD diffraction pattern in Figure 4.7 shows the broadening of the peaks, 

indicating a significant effect of temperature on the microstructure of the samples. The 

influence of different annealing temperatures on the different aspects of the microstructure such 

as crystallinity, crystallite sizes, and lattice volume are discussed in the following sections.  

4.3 Influence of Temperature on the Microstructural Properties  

This section discusses the role of temperature in influencing the microstructural properties. The 

discussion on the properties based on the XRD analysis starts with the relative crystallinity, 

crystallite sizes, microstrain, and lattice volume. This section tries to correlate the microstrain 
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and the lattice volumes with defects present in the crystal structure and how these factors can 

influence the charge carrier lifetimes. 

4.3.1 Influence of Temperature on Relative Crystallinity 

The crystalline nature of materials increases with temperature. In Figures 4.8 (a, b, c) the (110) 

peak of the samples calcined at  500 °C, 600 °C,700 °C and 800 °C  was compared against 

their peak intensity and the full width at half maximum (FWHM). Here the peak (110) was 

chosen for comparison as this peak was the most intense.  All the peaks show the same shift 

trend as the (110). It was observed that at 800 °C, each sample had the most intense peak with 

the smallest FWHM. This can be attributed to the increase in ordering of the atoms which 

subsequently results in better crystallinity of the materials. The consideration of relative 

crystallinity has been discussed in Chapter 3. 

 

Figure 4.8: Comparison of XRD peak (110) of (a) Undoped (b) 2 mol%  Ga3+ doped (c) 4 

mol%  Ga3+ doped SrTiO3 synthesized at  500 °C, 600 °C, 700 °C and 800 °C to demonstrate 

the effect of calcination temperature on the relative crystallinity of the materials. 

A highly crystalline surface devoid of defects is instrumental for charge carrier migration to 

the photocatalyst surface for enhanced performance [30], [31]. 2 mol%  Ga3+ doped SrTiO3 at 

800 °C shows a higher degree of crystalline nature as compared to all the other samples as 

shown in Figure 4.9.  

(a) (b)

(c)
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Figure 4.9: Comparison of XRD (110) peak intensities of doped and undoped samples at 

different temperatures with the 2  mol%  Ga3+ doped sample showing the highest crystallinity. 

Peak (110) as shown in Figure 4.7 is the most intense peak that has been used to compare the 

relative crystallinity. 

Crystalline nature and smaller particle sizes are desirable characteristics of photocatalysts for 

enhanced performance as discussed previously. Figures 4.7, 4.8, and 4.9 show that the FWHM 

of the XRD peaks decreases with increasing temperatures. This can be reflected in the size of 

the nanoparticles obtained with different calcination temperatures which are discussed in detail 

in the following section.  

4.3.2 Influence of Temperature on the Coherently Scattering Domain Size  

The doped and the undoped samples demonstrated that with increasing the calcination 

temperature, the coherently scattering domain size increases as shown in Figure 4.10. For ease 

of use, coherently scattering domain size will be referred to as crystallite size henceforth. The 

increase in crystallite size with temperature can be attributed to the coalescence of the smaller 

crystallites into larger ones as the temperature increases.  
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Figure 4.10: Effect of increasing annealing temperatures on the crystallite sizes as determined 

by the XRD from the Scherrer equation as analyzed in Figure 4.8. The crystallite sizes 

increased with an increase in temperature for all the samples. 

According to the Debye-Scherrer equation, as discussed in Chapter 2 (Eq 2.5), the FWHM is 

the indicator of peak broadening (ß) which can be correlated to the crystallite sizes. The broader 

the peak or higher FWHM the lower the crystallite size. With the increase in temperature, the 

FWHM of the peaks decreased indicating an increase in the crystallite size. Figures 4.8 (a,b,c) 

show the narrowing of the peaks for the undoped and doped samples. The increasing crystallite 

sizes and the decreasing FWHM w.r.t to the 110 planes of the samples are listed in Table 4.3.  
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Table 4.3: Average Crystallite Sizes and FWHM of the samples deduced from the Debye-

Scherrer equation  

Samples Annealing 

Temperature 

Average Crystallite 

Size (nm) 

FWHM (110) 

SrTiO3   500 °C 16.82 ± 0.91 0.41 

SrTiO3   600 °C 20.08 ± 2.77 0.38 

SrTiO3   700 °C 25.96 ± 3.61 0.31 

SrTiO3   800 °C 32.41 ± 3.22 0.22 

SrTi(0.98)Ga(0.02)O3   500 °C 13.22 ± 1.41 0.39 

SrTi(0.98)Ga(0.02)O3   600 °C 19.28 ± 2.26 0.37 

SrTi(0.98)Ga(0.02)O3   700 °C 23.39 ± 2.22 0.29 

SrTi(0.98)Ga(0.02)O3   800 °C 30.65 ± 1.97 0.22 

SrTi(0.96)Ga(0.04)O3   500 °C 15.68 ± 2.84 0.53 

SrTi(0.96)Ga(0.04)O3   600 °C 17.55 ± 3.85 0.51 

SrTi(0.96)Ga(0.04)O3   700 °C 19.77 ± 1.38 0.36 

SrTi(0.96)Ga(0.04)O3   800 °C 20.12 ± 1.10 0.33 

 

Besides the temperature, crystallite size was also observed to be a function of the doping 

concentration. From Figure 4.10, as the  mol%  doping increased for the samples then the 

crystallite size decreased. This could be speculated to be due to an increase in defect sites. With 

the introduction of the dopant, more defect sites can be introduced which can act as nucleation 

sites. As the nucleation rate increases, the smaller nuclei formed will result in smaller particles. 

At every calcination temperature between 500 °C to 800 °C, the crystallite size decrement for 

4 mol%  Ga doped SrTiO3 is higher compared to 2 mol%  Ga doped and undoped SrTiO3 

samples.  

In the Scherrer equation,  while the peak broadening is associated with the crystallite size it 

does not consider the microstrain which can also contribute to peak broadening. Microstrain in 

this study is also another crucial parameter that might be important to understand why the 

crystallite size decreased with doping. Microstrain is discussed in detail in the following 

section. 

4.3.3 Influence of Temperature on the Microstrain 

Microstrain or the local lattice strain is defined as the strain that is localized in some lattice 

spacings [32]. These types of strains are associated with defects such as dislocations, faults, 

and grain boundaries [32]. In this work, microstrain is calculated by the Williamson-Hall (W-

H) Method based on the uniform deformation model (UDM). The W-H analysis is a 

mathematical model that takes into consideration the effect of the microstrain on the crystallite 

size which is overlooked by the Scherrer equation. In both cases of the Scherrer and the W-H 

method, instrumental broadening was taken into consideration which is shown in Chapter 2 Eq 

(2.12). 



Chapter 4 
 

137 
 

Figure 4.11 shows the effect of temperature on the microstrain. With the increase in temperature 

in the undoped SrTiO3, the microstrain decreases to nearly zero at 800 °C. In the case of both 

the doped samples, the microstrain increases between 500 °C and 700° and then decreases at 

800 °C.  The calculated strains are given in Table 4.4. 

 

Figure 4.11: Effect of temperature on the microstrain of the undoped and doped samples. The 

microstrain in this work has been studied as an indicator of localized defects[32]. This 

parameter decreases monotonically for the undoped samples and for the doped samples 

increases up to 700 °C. At 800 °C both the doped samples show a decrease.   

Table 4.4: Calculated microstrains of the undoped and the doped samples 

Samples Annealing 

Temperature 

Microstrain (ε) Standard Deviation 

SrTiO3   500 °C 2.65E-03 ± 0.22E-03 

SrTiO3   600 °C 1.37E-03 ± 0.84E-04 

SrTiO3   700 °C 7.54E-04 ± 0.15E-03 

SrTiO3   800 °C 1.11E-04 ± 0.19E-03 

SrTi(0.98)Ga(0.02)O3   500 °C 1.41E-03 ± 0.43E-03 

SrTi(0.98)Ga(0.02)O3   600 °C 1.97E-03 ± 0.31E-03 

SrTi(0.98)Ga(0.02)O3   700 °C 1.99E-03 ± 0.22E-03 

SrTi(0.98)Ga(0.02)O3   800 °C 1.28E-03 ± 0.14E-03 

SrTi(0.96)Ga(0.04)O3   500 °C 1.03E-03 ± 0.45E-03 

SrTi(0.96)Ga(0.04)O3   600 °C 1.82E-03 ± 0.32E-03 

SrTi(0.96)Ga(0.04)O3   700 °C 2.60E-03 ± 0.56E-03 

SrTi(0.96)Ga(0.04)O3   800 °C 1.70E-03 ± 0.16E-03 
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Microstrain arises due to defects in the lattice. The trend in Figure 4.11 with the undoped 

samples shows the decrease in microstrain with temperature. This indicates that with 

temperature the defects decrease, and the crystallinity improves. In the case of the doped 

samples, Ga3+ doping might induce some defects at temperatures up to 700 °C which increases 

the microstrain. At 800 °C, the strain decreases for both the doped samples. This might again 

be speculated to be an improvement in the crystallinity and decrease in defects as temperatures 

increase above 700 °C.  

In a crystal, two types of strains may affect the microstructure. First is a microstrain which is a 

localized strain arising from defects contributing to XRD peak broadening. This type of strain 

does not cause peak shifts. The second type of strain arises when a uniform stress is applied to 

the entire lattice [32], [33]. The resultant strain causes the XRD peaks to shift. Peak shifts are 

crucial to understanding the changes the lattice is undergoing as the temperature is varied. The 

following section gives a detailed analysis of the changes observed from the peak shifts. 

4.3.4 Influence of Temperature on the Lattice Parameters and Lattice Volume 

XRD peak shifts are due to a uniform stress exerted on all over the lattice. In Figure 4.12(a) 

and (c), peaks shift towards higher 2θ angles in the undoped samples and 4 mol%  Ga doped 

SrTiO3. This might be due to a compressive stress that acts on the lattice. In Figure 4.12(b), the 

2 mol%  Ga doped SrTiO3  samples shift to lower 2θ angles. Here, a tensile stress may be acting 

uniformly over the lattice.  
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Figure 4.12:  XRD peak (110) shifts (a) Undoped (b) 2 mol%  Ga Doped (c) 4 mol%  Ga doped 

SrTiO3 as a function of temperature. The 2 mol% doped sample shows a monotonic lattice 

expansion at all temperatures. The undoped and the 4 mol%, samples show a monotonic lattice 

contraction.  

Peak shifts in XRD can also be due to how the samples are loaded on the holder. But in this 

case, the monotonic peak shifts indicate the changes in the lattice of the samples which can be 

validated by the change in the lattice parameters and cell volumes of the samples. 

The lattice parameters were obtained as per the method discussed in Chapter 2. Since Ga-doped 

SrTiO3 retained the cubic structure of undoped SrTiO3, the lattice volumes were calculated by 

Eq 2.4 in Chapter 2. 

The calculated lattice parameters and the volumes are mentioned in Table 4.5.   

Table 4.5: Calculated lattice parameters and lattice volumes of the undoped and doped samples 

prepared at different temperatures 

Samples Annealing 

Temperature 

Lattice Parameter (Å) 

(value ± 0.001 Å)a 

Lattice Volume (Å3) 

(value ± 0.05 Å3)b 

SrTiO3  500 °C 3.8954 59.1103 

SrTiO3   600 °C 3.8911 58.9118 

SrTiO3   700 °C 3.8785 58.3434 

SrTiO3   800 °C 3.8778 58.3109 

(a) (b)

(c)
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SrTi(0.98)Ga(0.02)O3   500 °C 3.8809 58.4499 

SrTi(0.98)Ga(0.02)O3   600 °C 3.8824 58.5172 

SrTi(0.98)Ga(0.02)O3   700 °C 3.9082 59.6955 

SrTi(0.98)Ga(0.02)O3   800 °C 3.8995 59.2960 

SrTi(0.96)Ga(0.04)O3   500 °C 3.9064 59.6113 

SrTi(0.96)Ga(0.04)O3   600 °C 3.9020 59.4084 

SrTi(0.96)Ga(0.04)O3   700 °C 3.9022 59.4194 

SrTi(0.96)Ga(0.04)O3   800 °C 3.9011 59.3710 

 a,b The errors in lattice parameters and volumes were added after remeasuring the XRD data 

of the samples and recalculating the lattice parameters and volumes 

For the undoped and the 4  mol%  Ga doped samples, the lattice parameters, and the cell 

volumes decrease/contract respectively with increasing temperatures. The 2 mol%  Ga doped 

SrTiO3 shows the lattice parameters and the cell volume increase/expansion with temperature. 

From Figure 4.13, the theory about the presence of defects as a function of temperature and 

crystallinity can be hypothesized. The more crystalline the surface is, the lesser the incidence 

of defects. At 500 °C, the undoped sample has a more intense (110) peak as compared to the 

doped samples. As the temperature increases, the crystallinity improves but differently for the 

three types of samples. The undoped and the 2Ga  mol%  doped SrTiO3, the crystallinity 

increased more than the 4Ga  mol%  doped samples at each temperature. At 800 °C, the 2Ga  

mol%  has better crystallinity than the undoped and the 4Ga  mol%  doped sample. This could 

be due to doping beyond an optimal level may adversely impact the crystallinity. 

The lattice expansion and contraction depend on the types and concentration of the intrinsic 

defects. Kobayashi, S. et al. [34], reported similar contraction and expansion in Nb, La co-

doped SrTiO3. They found that doping led to lattice distortions and the formation of Sr and O 

vacancies that reduced the lattice expansions. In their monodoped samples, the lattice 

parameter changed only by a small margin. Similar observations were made in the case of Ga-

doped samples in the Ph.D. study. Birkner, N. et al. [35] in their study on Ga3+ doping in 

Li7La3Zr2O12 found that increasing doping leads to a decrease in lattice parameters and cell 

volumes. Doping in the Li site in their study led to defect formation such as Li vacancies which 

led to the shrinking of the cell volume. Similar observations were also made by Wagner, R. et 

al. [36]. Li, G. et al. [37] proposed a surface defect dipole model to explain monotonic 

expansion in cell volumes in rutile TiO2.  
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Figure 4.13: Comparison of XRD peak (110) between the undoped and the doped samples at 

(a.) 500 °C (b.) 600 °C (c.) 700 °C (d.) 800 °C demonstrating how the microstructural 

parameters relating to the size and strain change between the doped samples synthesized at 

different temperatures. 

High crystallinity and low defect concentrations are strongly related to charge carrier 

dynamics[38]. Recombination of charges is common in semiconductors with a high density of 

defects. To study the effect of these, TCSPC analysis of the samples was done. The charge 

carrier dynamics are discussed in detail in the following section. 

4.3.5 Effect of the Microstructure on the Time-Correlated Single Photon Counting 

(TCSPC) Measured Lifetimes  

Time-resolved PL spectroscopy via TCSPC is essential for measuring the recombination 

lifetimes of the samples. The parameters of the TCSPC measurements are discussed in Chapter 

2 (2.3.3).  The TCSPC data were reconvoluted with a 3-exponential decay fitting according to 

Eq 2.19 in Chapter 2.  

 The average lifetimes of the samples shown in Figure 4.14 were measured from the 

exponential fitting via the HORIBA Da6.8 software and reconvoluted decay time constants are 

shown in Table 4.6. All samples were measured at λexc = 282 nm.  Table 4.6 shows the average 

lifetimes of the samples which was calculated with Eq 2.20 in Chapter 2.  

(a) (b)

(c) (d)
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Figure 4.14 : Photoluminescence Decay Time Profile Comparison between undoped  mol% 

doped SrTiO3
  at (a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C. The TCSPC data was fitted with 

a three exponential decay function as discussed in Chapter 2. The 2  mol%  Ga3+ at 800 °C 

show the highest lifetime at 0.68 ns.     

 

 

 

 

 

 

 

 

 

 

(a) (b)

(c) (d)
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Table 4.6: TCSPC decay time constants and the average lifetimes of the temperature-

dependent samples 

Sample Ƭ1 (s) Ƭ2 (s) Ƭ3 (s) Average 

Lifetimes 

(ns) 

ᵡ2 

SrTiO3 (500 °C) 2.60E-09 8.59E-08 1.21E-10 0.31 ± 0.01 1.99 

SrTiO3 (600 °C) 2.24E-09 5.81E-08 1.14E-10 0.27 ± 0.02 1.43 

SrTiO3 (700 °C) 2.33E-12 2.15E-09 5.56E-08 0.23 ± 0.01 1.29 

SrTiO3 (800 °C) 2.55E-09 6.36E-08 1.00E-10 0.24 ± 0.04 1.38 

SrTi(0.98)Ga(0.02)O3 

(500 °C) 

2.74E-09 6.34E-08 1.62E-10 0.53 ± 0.01 1.61 

SrTi(0.98)Ga(0.02)O3 

(600 °C) 

2.69E-09 6.18E-08 1.67E-10 0.53 ± 0.02 1.65 

SrTi(0.98)Ga(0.02)O3 

(700 °C) 

2.57E-09 5.79E-08 1.36E-10 0.34 ± 0.03 1.42 

SrTi(0.98)Ga(0.02)O3 

(800 °C) 

2.48E-09 5.84E-08 1.87E-10 0.68 ± 0.01 1.85 

SrTi(0.96)Ga(0.04)O3 

(500 °C) 

2.54E-09 6.20E-08 1.53E-10 0.54 ± 0.02 1.68 

SrTi(0.96)Ga(0.04)O3 

(600 °C) 

1.45E-10 2.07E-09 5.15E-08 0.47 ± 0.02 1.54 

SrTi(0.96)Ga(0.04)O3 

(700 °C) 

1.18E-10 2.17E-09 5.27E-08 0.24 ± 0.01 1.36 

SrTi(0.96)Ga(0.04)O3 

(800 °C) 

2.55E-09 6.03E-08 1.65E-10 0.52 ± 0.01 1.65 

 

From Figure 4.14 and Table 4.6, 2 mol%  Ga doped SrTiO3 at 800 °C has a longer lifetime than 

the other samples at 0.68ns. This sample from Figure 4.9 shows better crystallinity than the 

other samples. Better crystallinity indicates a more defect-free surface. A defect-free surface 

has fewer possibilities of charge carrier recombination than a sample with a high concentration 

of defect density. At each temperature, the doped samples showed higher lifetimes than the 

undoped SrTiO3. 

In the case of the undoped and the 4 mol%  Ga doped SrTiO3, each showed the highest lifetime 

at 500 °C. Each sample at 700 °C has the lowest lifetime in their group. The correlation of 

lifetimes with temperature is shown in Figure 4.15. 
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Figure 4.15: The correlation between the lifetimes of the doped samples and the temperature. 

The lifetimes decrease in all the samples synthesized at 500 °C. to 700 °C. At 800 °C all the 

samples show an increase in the lifetime with 2 mol% doped sample demonstrating the highest 

lifetime at 0.68 ns. 

In the 4 mol%  doped samples, a direct relation between the lifetimes and the microstrain can 

be observed. Here, the lifetimes decrease gradually as the microstrain increases, and at 800 °C 

as it decreases again the lifetimes increase. Similar conclusions can also be drawn with the 2 

mol%  sample. In this sample, the lifetimes decrease by a small amount between 500 °C and 

600 °C, and then there is a steep decline at 700 °C. At 800 °C, the microstrain is decreased, the 

lifetimes increase. For the undoped, the opposite trend can be observed where the sample with 

the highest microstrain has the highest lifetime. At 600 °C and 800 °C, the microstrain 

decreases with the increase in lifetimes for the undoped samples. An attempt to explain this 

phenomenon will be made in later sections of the chapter correlating with the opto-electronic 

properties. 

Microstructural parameters such as degree of crystallinity, type, and concentration of defects 

thus can affect the charge carrier dynamics. In combination with the microstructural 

parameters, the intrinsic parameters such as the band gap, the work function, the electron 

affinity, and the ionization potential also affect the charge carrier dynamics [39]. The role of 

intrinsic parameters will be discussed in the section below.    

4.4 Influence of Temperature on the Opto-electronic  Properties of the Samples 

This section discusses the effect of temperature on the opto-electronic properties of the 

materials. The discussion starts with the bandgaps, the valence band positions, and the work 

function. A correlation between the microstructural and opto-electronic properties is attempted 
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here. Intrinsic properties such as the electron affinity and the ionization potential are calculated 

to understand the band edge alignment.  

4.4.1 Influence of Annealing Temperature on Bandgaps 

In Figure 4.16, no significant changes in bandgaps were observed with an increase in 

temperature for the samples contrary to many reported literature on semiconductor materials 

[40]–[42]. Ga3+ doping did not induce any visible light activity in the samples as seen in Figure  

4.16 (a-c). 

 

Figure 4.16: Absorption wavelengths of (a) Undoped (b) 2 mol%  Ga3+ (c) 4 mol%  Ga3+ 

doped SrTiO3. All samples exhibit absorption in the UV region. Doped samples show traces of 

absorption features which become more prominent with temperature around the 550 nm region 

indicating the modification of opto-electronic properties due to oxygen vacancies. This 

phenomenon was also observed in the case of the La3+ co-doped samples as discussed in 

Chapter 3. 

 

(a) (b)

(c)
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Figure 4.17: Temperature-dependent bandgaps (a) undoped indirect (b) 2 mol%  Ga3+ indirect 

(c) 4 mol%  Ga3+ doped indirect (d) undoped direct (e) 2 mol%  Ga3+ doped direct (f) 4 mol%  

Ga3+ doped direct SrTiO3 samples. The absorption features can be observed more prominently 

with an increase in temperatures in the indirect bandgaps (a-c). 

In the doped samples, absorption features can be observed in the indirect band gaps (Figure 

4.17 (b, c)). These features as discussed in detail in Chapter 3, are due to oxygen vacancies. 

(a) (b)

(c)

(d) (e)

(f)
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This aligns with the microstructural and electronic measurements that indicate the presence of 

oxygen vacancies. Even though the temperature increase did not affect the band gap, it was 

observed that other opto-electronic properties are affected by temperature. This can be 

validated from the band energy diagrams in the  Appendix Figures 1-6. Temperature was found 

to have influenced changes in the Fermi level-valence band maxima separation. This is crucial 

in determining the IP of the samples. Further discussion on this topic is elaborated in the 

following section. 

4.4.2 Influence of Temperature on the Fermi Level (EF) and Valence Band Maxima (VBM) 

Separation 

The fermi level and the valence band separation were calculated from the valence band analysis 

via the XPS as shown in Figure 4.18 (a-c). The position of the valence band maxima is an 

important parameter to determine the IP of the samples. In the context of this study, IP and EA 

are two fundamental concepts to understand the trap-limited carrier mobility that affects the 

performance of the photocatalysts. The fermi level from the XPS is set at zero. The EF-VBM 

separation is shown in Appendix Figures 1-6.   

 

Figure 4.18:  Temperature-dependent separation of the EF and the VBM (a) undoped (b) 2 

mol%  Ga doped (c) 4 mol%  Ga doped SrTiO3 samples. In the undoped series, the EF-VBM 

separation decreases for the samples synthesized at 500 – 600 °C. The separation and 

therefore, the n-type nature increased at higher temperatures. For the 2 mol% doped series, 

(a) (b)

(c)
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the 500 and 800 °C samples exhibit a decrease in the EF-VBM separation (decrease in n-type 

nature) whereas, the 4 mol% doped series exhibits only minor differences. 

In the undoped SrTiO3 samples as shown in Figure 4.18 (a-c), the EF-VBM increases from 500 

°C -700 °C. At 800 °C, the EF-VBM decreases. This can be observed in the band edge energy 

diagrams in Appendix Figures 1-6. From the EF-VBM and the bandgap, the EF-CBMin (i.e. 

conduction band minimum) can be calculated which together with the EF position can be crucial 

to understanding the nature of conductivity of the materials. It was observed that in the undoped 

SrTiO3 samples, the separation between the EF-CBMin decreases as the temperature increases 

peaking at 700 °C for all the types of doped and undoped samples as shown in Figure 4.19 (b-

d). 

 

Figure 4.19: (a) Band edge alignment of undoped SrTiO3 synthesized at 800 °C. EF-VBM 

separation at all temperatures (b) Undoped samples  (c) 2 mol%  Ga3+ (d) 4 mol%  Ga3+ doped 

SrTiO3 demonstrating the highest separation at 700 °C. This aligns with the higher n-type 

conduction for these samples. 

Figure 4.19 (b-d) indicates the n-type nature of the undoped samples increases with temperature 

and decreases at 800 °C. In the case of the 2 mol%  and the  4 mol%  Ga doped SrTiO3 samples, 

the EF-VBM increases between 500 °C -700 °C, and the EF-VBM decreases at 800 °C. Although 

this degree of change in the 4 mol%  doped samples is small. In the doped samples, the n-type 

nature increases between 500 °C -700 °C and decreases at 800 °C. As discussed in the previous 

chapter, the n-type nature could be due to the oxygen vacancies forming shallow vacancies 
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near the CB. 

Another intrinsic parameter that is essential for calculating the position of the fermi level is the 

work function. The work function in the Ph.D. work has been studied with the XPS and the 

Kelvin probe. The findings related to this parameter are discussed in detail in the next section. 

4.4.3 Work Function 

The work function is a surface-sensitive technique. The presence of surface dipoles which is 

heavily affected by crystallographic orientations, surface adsorbates, surface terminations, and 

reconstructions makes the study of work functions very challenging [43],[44]. Ma, T. et al. [43] 

applied DFT to a clean and reconstructed SrTiO3 surface to predict the work function. They 

studied the effect of surface point defects, reconstructions,  adsorbates, and doping (1 at% Nb-

doped SrTiO3) on the work function. With doping, they found that the work function decreases 

whereas the presence of reconstructions and adsorbates either increase or decrease the 

parameter. Perovskite oxide work function shows a greater dependence on the surface 

terminations and orientations [45], [46]. Chambers, S.A. et al. [47] reported an experimental 

work function (Ultraviolet Photoelectron Spectroscopy, UPS) of 3.6 eV for SrO-terminated Nb: 

SrTiO3 (001) which was close to their DFT calculated work function of 3.6-3.7 eV. For the 

TiO2-terminated Nb: SrTiO3 (001), the work function was found to be higher at 4.5eV and 

4.7eV.  The work function of TiO2-terminated SrTiO3 has been reported to be 4.2 eV-4.3 eV 

[48]–[50].  

 

Figure 4.20: Work function measurements of the samples  with (a) XPS (b) Kelvin Probe. Both 

measurements show a decrease in work function as a function of synthesis temperature. 

In the context of the Ph.D. work, the work function measured with both the techniques (XPS 

and Kelvin probe) shows a decrease with doping as seen in Figure 4.20 (a, b). From Figure 

4.20(b.), the Kelvin Probe method shows a linear decrease in the work function as the 

temperature increases. Some reports in the literature show such behaviors in metals [51]–[54]. 

As the temperature of the samples increases, the lattice starts to expand, and electrons are 

thermally excited. The electrons are more mobile in this state, and it is easier to overcome the 

work function and hence, be removed from the surface [55]. However, the samples in this study 

were synthesized at different temperatures and the measurements were done at room 

temperature. In perovskite oxide materials, the study of work function variation with 

(a) (b)
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temperature is limited. In this Ph.D. study, an attempt is being made to understand how the 

work function in perovskite oxide materials relates to the synthesis temperature.  

A clear relation between the work function and the temperature can be observed from the 

Kelvin Probe Method in Figure 4.20(b) which shows a decreasing trend with the synthesis 

temperature. In Figure 4.20(a) the work function from the XPS is shown. In this method, the 2  

mol%  and 4  mol%  Ga doped SrTiO3 show an increase in work function at 600 °C and a linear 

decrease beyond this point. For the undoped SrTiO3, first decreased at 600 °C and then 

increased at 700 °C which further decreased at 800 °C. The work functions from both methods 

are given in Table 4.7. 

Table 4.7: Experimental work functions from the Kelvin Probe and the XPS 

Samples Kelvin Probe (eV) XPS (eV) 

SrTiO3 (500 °C) 4.65 ± 0.03 4.17 ± 0.01 

SrTiO3 (600 °C) 4.64 ± 0.02 4.04 ± 0.05 

SrTiO3 (700 °C) 4.53 ± 0.02 4.26 ± 0.08 

SrTiO3 (800 °C) 4.50 ± 0.03 4.15 ± 0.01 

SrTi(0.98)Ga(0.02)O3 (500 °C) 4.61 ± 0.01 3.61 ± 0.05 

SrTi(0.98)Ga(0.02)O3 (600 °C) 4.54 ± 0.02 4.20 ± 0.10 

SrTi(0.98)Ga(0.02)O3 (700 °C) 4.47 ± 0.03 3.86 ± 0.04 

SrTi(0.98)Ga(0.02)O3 (800 °C) 4.42 ± 0.02 3.77 ± 0.06 

SrTi(0.96)Ga(0.04)O3 (500 °C) 4.56 ± 0.02 3.68 ± 0.02 

SrTi(0.96)Ga(0.04)O3 (600 °C) 4.52 ± 0.03 3.77 ± 0.06 

SrTi(0.96)Ga(0.04)O3 (700 °C) 4.54 ± 0.03 3.75 ± 0.05 

SrTi(0.96)Ga(0.04)O3 (800 °C) 4.43 ± 0.03 3.74 ± 0.06 

FTO Substrate 4.82 ± 0.02 - 

 

Figure 4.21 shows the work function spectrum from the XPS. Helander,  et al. [56] 

demonstrated that the work function measured by photoelectron spectroscopy techniques such 

as UPS and XPS is the minimum work function on a non-uniform surface in contrast to the 

average work function measured with the Kelvin Probe. The major disadvantage in using the 

XPS (or UPS) is that if the sample is not perpendicular to the detector i.e. the photoelectron 

take-off angle is not 90°, it erroneously gives a higher work function [56]. Details about the 

experimental setup and its workings are discussed in Chapter 2.  
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Figure 4.21: (a.) Undoped (b.) 2 mol% Ga (c.) 4  mol%  Ga doped SrTiO3  work function 

spectrum from the secondary electron cut-off measured with the XPS. The work function 

measured with this method shows slight variation within samples in a series as compared to 

the Kelvin Probe method. 

Both the work function measurement methods show a decrease in work function with doping. 

However, only the Kelvin Probe shows a linear decrease with temperature as expected from 

the literature. For further analysis of the samples,  the XPS will be referred to for further data 

analysis. The details for this discussion have been provided in Chapter 2. 

From the definition of work function and its dependence on the temperature, a relation can be 

established between microstructural parameters such as the cell volume, and the electronic 

properties such as the work function. The correlation between these parameters is discussed in 

the following section. In this section, the role of oxygen vacancies and how they correlate with 

the effects on different aspects of SrTiO3 is discussed. 

4.4.4 Correlation between the Electronic Structure and the Microstructure Changes 

Induced by Temperature Variation via the Formation of Oxygen Vacancies 

Temperature has a significant effect on the lattice parameters [57]. From Eq 2.4 (Chapter 2) 

lattice parameters are directly proportional to the volume. As the temperature increases the 

materials undergo thermal expansion which increases the unit cell volume. Ligny, D.  et al. [58] 

observed a trend where SrTiO3 exhibited volume expansion as the temperature increased. 

(a) (b)

(c)
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Lattice/cell volumes are inherently also dependent on the annealing atmosphere. Under a 

controlled atmosphere of oxygen partial pressures, Mizusaki, J. et al. [59] observed that both 

unit cell volumes and thermal coefficients increased as the oxygen content decreased in La(1-

y)MnO(3+d) and La(1-x)Sr(x)MnO(3+d). These volumes can also be influenced by point defects such 

as oxygen vacancies. Oxygen vacancies are common in perovskite oxide materials, and they 

are formed during doping and high-temperature synthesis [60]. Aidhy, D.S. et al. [60] did DFT 

simulations on the effect of charged and neutral oxygen vacancies on the lattice volumes in ten 

systems including SrTiO3. They found that charged oxygen vacancies lead to volume 

contraction whereas neutral oxygen vacancies can lead to volume expansion.  They also 

reported that charged and neutral oxygen vacancies (vacancy stability) respond to lattice strain 

differently. This aligns with Figure 4.12 depicting the strains in the samples. The peak shifts 

indicating tensile and compressive stresses could give rise to strains interacting with the point 

defects.  

 

Figure 4.22: Temperature Dependent Correlation between Microstructural (Cell Volume) and 

Electronic (XPS Work Function) properties (a.) Undoped (b.) 2  mol%  Ga (c.) 4  mol%  Ga 

doped SrTiO3. The correlation between the two material properties can be linked to the 

formation of oxygen vacancies.  

Note: In Figure 4.22, the work function shown is measured with the XPS. This is discussed in 

detail in Chapter 2. 

Aidhy, D.S. et al. [60] reported two scenarios that correlated the presence of oxygen vacancies 

(a) (b)

(c)
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with the lattice volumes and lattice strains. In a strained system, the volume expansion and 

contraction behave oppositely than expected. They reported the following: 

1.) Neutral Oxygen Vacancies: Such vacancies lead to volume expansion, and they are 

stable under tensile strained systems 

2.) +2 Charged Oxygen Vacancies: This type of vacancy has lower volumes than oxygen 

atoms and hence they have contracted volumes. Such vacancies are stable under 

compressive strains 

From Figure 4.12, the undoped and the 4  mol%  Ga doped SrTiO3 show shifts to higher 2θ 

values which indicates compressive stresses. This leads to the contraction of lattice volumes as 

shown in Figure 4.22(a.) and (c.). This can be attributed to the charged oxygen vacancies as 

reported by Aidhy, D.S. et al. [60]. In the 2  mol%  Ga doped SrTiO3, the XRD peaks shifting 

towards lower 2θ angles indicate tensile stress acting over the lattice. This can be attributed to 

neutral oxygen vacancies which can expand the lattice in Figure 4.22(b). Formation of oxygen 

vacancies can therefore significantly alter the microstructure. 

The oxygen vacancies can also affect the opto-electronic parameters such as the work function 

of a material. Gayen, P. et al. [61] reported a decrease in work function in air-annealed 

Pb2Ru2O7-x due to an increase in oxygen vacancies. They reported a decrease in work function 

measured with UPS with an increase in annealing temperature which is also observed in this 

Ph.D. study more prominently with the Kelvin Probe (Figure 4.20 (b)). The undoped SrTiO3 

showed expansion between 500 °C and 600 °C. A significant decrease in volume was observed 

from 600 °C to 800 °C.  A trend can be recognized here that when the work function decreased 

then the cell volume increased. The changes in work function and the cell volumes here could 

be a result of oxygen vacancies present.  Wang, W. et al. [62] also observed a decrease in work 

function with an increase in oxygen vacancies.  

From Figure 4.22, both microstructural and electronic properties therefore can be related to 

oxygen vacancies. The effect of change in these properties on other intrinsic properties such as 

electron affinity and ionization potential are discussed in the succeeding paragraph. 

4.4.5 Influence of Temperature on Electron Affinity, Ionization Potential, and Charge 

Carrier Mobility 

Figure 4.23 shows the key components of the band edge energy diagram. The energy diagram 

was calculated from three measurements- the work function for the fermi level, the band gap 

for the EF-CBMin separation, and the EF-VBM. The work function and the EF-VBM were 

measured from the XPS. The EA and the IP calculated the vacuum level which was fixed at 0 

eV. From Figures 4.20 and 4.21 and the band edge energy diagram in Appendix Figures 1-6, 

the work function decreases with an increase in temperature.  From the position of the fermi 

level (EF) for the undoped samples in Appendix Figures 1-6, it is observed that EF shifts closer 

to the conduction band minimum (CBMin). This signifies an increase in the n-type nature as the 

temperature increases to 700 °C as shown in Figure 4.24 (a-d). All band edge energy diagram 

was done considering the direct band gap except the 2 mol%  Ga3+ at 600 °C and 700 °C. The 

choice of the nature of band gap is explained in the section with the PL analysis.  
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Figure 4.23: Key components of the band edge energy diagram which were calculated from 

the direct band gap, the EF- VBM separation measured from the XPS, and the work function 

from the XPS. All values were referenced from the vacuum scale. 

Figure 4.24 (a) shows the band edge energy diagram of the undoped sample synthesized at 800 

°C. Figure 4.24 (b-d) shows the comparison between the work functions and the EF-CBMin of 

the undoped and doped samples. The EF-CBMin demonstrates the position of the fermi level 

with respect to the conduction band minimum. The closer the EF is to the CBMin, the higher the 

n-type conductivity. The n-type conductivity of the undoped samples increases as the 

temperature increases (Figure 4.24(b)). With the doped samples, the n-type nature is highest at 

700 °C. This aligns with lower lifetimes at 700 °C as shown in Figure 4.15. The higher n-type 

nature and the lower lifetimes could be due to vacancies that are acting as traps for the charge 

carriers.  
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Figure 4.24:  (a) Band edge energy diagram of undoped SrTiO3 synthesized at 800 °C. EF-

CBMin separation at all temperatures (b) Undoped samples  (c) 2 mol%  Ga3+ (d) 4 mol%  Ga3+ 

doped SrTiO3 demonstrating the relation between the temperatures and n-type conductivity 

which is highest at 700 °C. 

From the previous section on lattice volumes and work functions, due to the probable doubly 

charged oxygen vacancies there is an excess of electrons in the 2  mol%  Ga doped SrTiO3. 

This can be represented by the Kröger-Vink notation given in Eq (4.1). Oxygen vacancies can 

act as shallow donor levels below the CBMin. They increase the electron density in the 

conduction band, which increases the n-type nature of the samples. With the increase in 

temperature, the oxygen vacancy concentration can increase as explained in Chapter 3.  

OO
X   = VÖ + 2e‘ + 

1

2
   O2        (4.1) 

Where, 

OO
X    =  An oxygen at an oxygen site 

VÖ = Oxygen vacancy 

EA and IP are important parameters that determine the charge carrier transport in 

semiconductors. From Figures 4.25-4.27, both IP and EA increase from 500 °C to 700 °C. At 

800 °C there is a significant decrease in both IP and EA for all the samples. When relating to 

Figure 4.26 (b-c)  with the TCSPC, for the undoped and 2 mol%  Ga doped samples, the higher 
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lifetimes in these two categories are shown by the samples with the lowest EA and IP values. 

For the 4 mol%  Ga doped samples, the lifetimes at 500 °C and 800 °C are within error at 0.54 

ns and 0.52 ns (Figure 4.26(c)). Here, the IP and EA calculated with the XPS WF are similar 

and lower than the samples at 600 °C and 700 °C. 

 

Figure 4.25: (a) Band edge energy diagram of the undoped SrTiO3 sample at 800 °C. 

Comparison of the IP and the EA with the work function at different temperatures. Doped 

samples show lower IP and EA at 500 °C and 800 °C. For the undoped samples, lower IP and 

EA are observed at 500 °C. The error bars in the IP and the EA were added after recalculating 

from the band edge alignment.  

For the 2 mol%  and the 4 mol%  of Ga3+ doping, samples with the highest lifetimes show 

lower microstrain. Lower microstrain indicates a decrease in defects which subsequently 

decreases any trap states that hinder charge mobility leading to higher lifetimes. These defects 

may be speculated to be acting as traps that restrict electrons (-ve charge) or holes (+ve charge).  

In the case of undoped SrTiO3, the behavior observed is opposite to the doped samples. Here 

the sample at 500 °C with the highest microstrain demonstrates a higher lifetime. Here these 

defects might be facilitating the carrier mobility which enhances the lifetime.  

Temperature variation in these samples has also affected their conductivity. From 500 °C -700 

°C in the doped samples, the n-type nature and the defects increase as shown in the microstrain 

in Figure 4.11. These defects might be more inclined towards trapping holes leaving behind 

excess electrons. At 800 °C, there could be a change in the type of defects to electron trapping 
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which decreased the n-type nature. In the case of the undoped, there is a consistent increase of 

n-type nature indicating a more hole-trapping defect.  

From the observations from the microstrain and the band energy diagrams, a hypothesis can be 

drawn where each catalyst possesses a window of minimum EA and maximum IP below and 

above which charge trapping can occur which decreases the carrier mobility to the surface of 

the photocatalyst. Hence, decreasing their efficiency. Figure 4.26 (a-c) shows the temperature-

dependent relation between the IP, EA, and lifetimes of all the samples. Since 2 mol%  Ga3+ 

doped SrTiO3 showed the highest lifetime of 0.68ns, the window for maximum charge mobility 

for this concentration doping might be EA above 2.83 eV and IP below 6.01eV. Similar 

windows can be speculated for the different mol% dopings.  

 

 

Figure 4.26:  Variation of IP, EA, and lifetimes in the samples with temperature (a) undoped 

(b) 2 mol%  Ga doped (c) 4 mol%  Ga doped SrTiO3 samples. At 800 °C, both the doped 

samples show that decrease in the EA and the IP leading to an increase in lifetimes. The error 

bars in the IP and the EA were added after recalculating from the band edge alignment.  

Kotadiya, N.B. et al. [63] reported a window for trap-free charge transport in organic 

semiconductors. They reported that when IP surpasses 6 eV, hole transport is limited by hole 

traps and when EA is less than 3.6 eV, there will be trap-limited electron transport. Similar 

observations with organic semiconductors were reported by Enrique, L. et al. [64] where they 

argued the IP and EA are important parameters to consider while studying charge carrier 
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transport. Walsh, A. et al. [65] study and discuss the application of atomistic modelling 

techniques to study energy levels which they argue are necessary to develop water photolysis 

catalysts and solar cells. For the samples synthesized in this study, a parallel can be drawn. 

Here it can be hypothesized that in these samples as well an optimum value of EA and IP exists 

where trapping is minimal. EA and IP indicate a neutral atom's energy change when electrons 

are added or removed. As stated and established in the previous chapter, oxygen vacancies add 

localized states in the band gap which can act as traps. When EA is lower the likelihood of 

these defect states trapping electrons is also lower. Similarly, lower IP indicates lower energy 

to remove the electron from the defect site i.e. it is easier for the trapped electrons to escape. 

Therefore, a combination of lower EA and IP can be understood to influence the electronic 

structure of the defect states towards less trapping. This could lead to lower recombinations 

and hence, an increase in lifetimes.  

The undoped at 500 °C, 2  mol%  Ga doped SrTiO3 sample at 800 °C and the 4  mol%  Ga 

doped SrTiO3 sample at 500 °C with the lower IP and EA might have provided a window where 

charge transports are not limited by traps. This might be a factor in higher lifetimes as observed 

with TCSPC in their group in Figure 4.15. It could be inferred here that since at 800 °C, both 

the doped samples showed higher lifetimes. Then for synthesizing Ga3+ doped SrTiO3 with sol-

gel Pechini, the ideal annealing temperature could be 800 °C considering other properties as 

well.  

From the EA and IP, the positions of VBM and CBMin of the samples are determined. The 

positions of VBM and CBMin are crucial in understanding the activity of the photocatalysts. 

Figure 4.27 demonstrates these positions for water-splitting redox potentials. 
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Figure 4.27: Positions of CBMin and VBM of the synthesized samples at different temperatures 

with respect to vacuum. 

To be an efficient photocatalyst, the CBMin should be more negative and the VBM should be 

more positive with respect to the redox potentials. All the samples show sufficient capacity for 

reduction. In the case of the 4  mol%  Ga3+ doped sample at 800 °C, the VBM is above the 

oxidation potential. This condition is not conducive to oxidation even though the sample 

demonstrates ample reduction capacity. Other samples demonstrate sufficient oxidation 

capacity.  

4.5 Elemental Analysis  

In this section, the surface of the doped materials characterized by the XPS is discussed. The 

elemental analysis is done and quantified. This section also discusses the Ti3+ intrinsic defect 

which is widely regarded as detrimental to the material performance. 

4.5.1 XPS 

Sr3d 

The surface of the undoped, 2 mol%  Ga, and 4 mol%  Ga doped SrTiO3 was analyzed. To be 

concise only the samples with the highest lifetimes in their group are shown here All the peaks 

were charge-corrected with C1s at a binding energy of 284.8 eV.  Figure 4.28 shows the 

deconvoluted Sr3d peaks with Sr3d5/2 peak at 132.73 eV and Sr3d3/2 peak at 134.49eV 



Chapter 4 
 

160 
 

attributed to Sr2+ in SrTiO3 lattice. The split between the d5/2 and the d3/2 orbital in the case of 

the undoped SrTiO3 is 1.76 eV.  The sample shows two additional peaks at higher binding 

energies which can be attributed to SrCO3. For the undoped sample, the ratio between the 

SrCO3 Sr3d5/2 and the C1s C=O is 1:1.3 which is close to the reported 1:1 carbonate ratio in 

the literature confirming the presence of SrCO3[13]. Figure 4.29 shows the deconvoluted Sr3d 

peaks of the doped samples. 

 

Figure 4.28:  Deconvoluted and charge-corrected Sr3d peaks of undoped SrTiO3 at 500 °C at 

132.73 eV and 134.49 eV with a trace amount of SrCO3 (green doublet). 

 

Figure 4.29: Deconvoluted Sr3d peaks of (a) 2 mol%  Ga3+ (b) 4 mol%  Ga3+ doped SrTiO3 

synthesized at 800 °C and 500 °C. 

The binding energy positions of the Sr3d5/2 and the Sr3d3/2 of the lattice Sr2+ are presented in 

Table 7.  
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Table 4.8: Position of the Sr3d5/2 and the Sr3d3/2 of the doped samples 

Sr No Sample Sr3d5/2 Sr3d3/2 

1 Undoped SrTiO3 

(500 °C) 

132.73 134.49 

2 2 mol%  Ga 

(800 °C) 

133.43 134.18 

3 4 mol%  Ga 

(500 °C) 

132.53 134.28 

 

From the deconvolution of the Sr3d peaks in Figures 4.28-4.29, the presence of SrCO3 at higher 

binding energies is apparent in the doped samples which are typical as reported by Cali, E.  et 

al. [13]. For both the doped samples, the ratios between the SrCO3 Sr3d5/2 and the C1s C=O 

are 1:0.74 (4  mol% ), and 1:1.15 (2  mol% ), thereby confirming SrCO3. The Sr3d peaks of all 

the doped samples show a shift to lower binding energies when compared to their undoped 

counterparts.  

Ti2p 

The Ti2p3/2 peaks for the samples were analyzed and compared with the undoped in Figure 

4.30. Ti3+ defects were detected for all the samples with varying degrees. The main components 

of the Ti2p3/2 and Ti2p1/2 peaks are at 458.13 eV and 463.87 eV which can be attributed to Ti4+. 

The ratio of (Sr3d5/2 + Sr3d3/2): (Ti2p3/2 + Ti2p1/2 )  for the undoped at 500 °C is 1:1.0. In the 2 

mol%  Ga3+ doped sample, the (Sr3d): (Ti2p + Ga2p) ratio is 1:1.2 and in the 4 mol%  Ga3+ 

doped sample, the (Sr3d): (Ti2p + Ga2p) is 1:0.9. The main components Ti2p3/2 and Ti2p1/2 in 

the 2  mol%  sample is observed at 457.83 eV and 463.53 eV respectively. For the 4  mol%  

sample, the main peaks lie at 457.87 eV and 463.58 eV. Figure 4.31 (a-b) shows the Ti2p1/2 for 

the doped samples. 
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Figure 4.30:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 463.87 eV (orange) and Ti3+ 

(blue) towards lower binding energies. 

 

Figure 4.31: XPS Ti2p peaks (orange) of (a) 2 mol%  (800 °C) and 4 mol%  (500 °C) Ga3+ 

doped samples with Ti2p1/2 at lower binding energies as compared to undoped SrTiO3. 

Deconvolution shows the presence of  Ti3+ (blue) at varying concentrations. 

The Ti2p3/2 and Ti2p1/2 in all the doped samples show shifts to lower binding energies as 

compared to undoped samples. 

O1s 

The O1s peaks for the samples were analyzed and compared with the undoped in Figure 4.32. 

The deconvolution of all the samples showed secondary peaks at higher binding energies. In 

the case of the undoped sample, the main component of the O1s peak at 528.97 eV can be 

attributed to lattice oxygen. The spectrum also show another component at higher binding 

energy around 531 eV. This feature can be attributed to surface hydroxyl groups. 
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Figure 4.32: XP spectrum of undoped SrTiO3 synthesized at 500 °C  peak with the main lattice 

component at 528.97 eV and surface -OH groups (blue) towards higher binding energies. 

The O1s peak of the doped samples as shown in Figure 4.33 show similar characteristics i.e., 

the presence of peaks at higher binding energies with surface carbonates (-C=O) around 529 - 

530 eV and surface hydroxyls at around 531 eV. The main lattice peaks for 2 mol%  and 4 

mol%  samples are found at 528.95 eV and 528.97 eV respectively.  

 

Figure 4.33:  XPS O1s (orange) peak deconvolution of (a) 2  mol%  Ga3+ at 800 °C and (b) 4  

mol%  Ga3+ at 500 °C  doped samples. Both the doped samples exhibit surface -OH groups 

(violet) and -C=O species (blue) at higher binding energies.    

The amount of -OH increased at the 4 mol%  Ga doped sample. This could be due to the 

increased affinity for surface hydroxyls by the higher number of oxygen vacancies introduced 

with the % doping [66]. The shifts observed for all the peaks when compared to the undoped 

are within the error and do not indicate any fermi-level shifts [67].  
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Ga2p  

From the XPS survey of the surface of 2  mol%  Ga3+ doped and the 4  mol%  Ga3+ doped 

SrTiO3, the presence of Gallium is evident as shown in Figure 4.34. The main peaks of the 

Ga2p3/2  are around 1117 eV for both samples.  

 

Figure 4.34: XPS Ga2p3/2 peak of (a) 2  mol%  Ga3+ and (b) 4  mol%  Ga3+ doped SrTiO3 

confirming the presence of Ga3+. 

The atomic % of the elements in the samples are shown in Table 4.9. Here the actual doping  

mol%  has been calculated with respect to Ti4+. 

Table 4.9: Atomic % of elements present in the samples 

Sample Sr3d5/

2 (At 

%) 

O1s 

(At 

%) 

Ti2p3/

2 (At 

%) 

Ti2p1/

2 (At 

%) 

Ga2p3/

2 (At 

%) 

Ga2p1/

2 (At 

%) 

(Ga2p)/(Ga2p+Ti

2p) 

Ga3+ 

Dopin

g % 

Undope

d 

SrTiO3 

(500 

°C) 

10.40 30.7

3 

9.88 5.14 - - - - 

2  

mol%  

Ga3+ 

SrTiO3 

(800 

°C) 

10.78 30.5

8 

12.50 5.15 1.04 0.64 0.087 8.7% 

4  

mol%  

Ga3+ 

SrTiO3 

(500 

°C) 

12.02 27.3

3 

9.86 5.05 0.56 0.36 0.058 5.8% 

 

From Table 4.9, it can be observed that the undoped SrTiO3 maintains the 1:1:3 stoichiometric 
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ratio between Sr2+:Ti4+:O2_. In the doped samples, the stoichiometry around O2- is not 

maintained. From here, it can be inferred that doping induces oxygen vacancies. At 800 °C, the 

higher temperature annealing can also lead to the creation of such vacancies. This observation 

regarding the presence of oxygen vacancies aligns with the previous results regarding the lattice 

expansion and contraction of the samples. Oxygen vacancies act as shallow electron donors to 

the conduction band [68]. This can result in the n-type conductivity exhibited by the samples 

with the fermi level lying close to the CBMin. The presence of surface oxygen vacancies can be 

indicated by the -OH groups from the deconvolution of O1s peak around 531 eV. -OH groups 

can be adsorbed on these vacant sites on the surface [66]. A comparison between the samples 

regarding the amount of -OH groups is shown in Figure 4.35. 

 

Figure 4.35: Comparison of -OH groups adsorbed on the surface of the (a) undoped, (b) 2 

mol%, and (c) 4 mol% Ga3+ doped samples synthesized at 500 °C- 800 °C. For the both 

undoped and the doped series, the sample synthesized at 700 °C shows the highest -OH groups.  

As discussed earlier oxygen vacancies are shallow donors to the conduction band which can 

increase the n-type nature of the samples. Figure 4.35 (a-c) can be correlated to the positions 

of the fermi levels band edge energy diagrams in Appendix Figures 1-6. In the undoped and 

the doped series, the sample synthesized at 700 °C shows the highest concentration of -OH 

groups. This aligns with the higher n-type conductivity determined from the EF-CBMin 

separation at this temperature in the band edge energy diagrams in Appendix figures 1-6.  All 

the samples demonstrate varying degrees of n-type conductivity i.e. the fermi level lies closer 

to the CBMin. The presence of these vacancies aligns with the observations from the 
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microstructural analysis. Here, however, it is difficult to pinpoint the type of vacancies whether 

neutral or charged are present.  

Oxygen vacancies are point defects that are observed in the samples from the surface and the 

bulk characterizations. These point defects are either introduced via doping or at higher 

temperatures. To better understand these defects PL analysis was done which is discussed in 

the following sections. PL analysis can provide information regarding electronic and optical 

changes that are induced in the samples as the temperature is varied.  

4.5.2 Doping and the Time-Temperature-Solubility Factor 

Each  mol%  doped sample annealed at different temperatures was synthesized from the same 

polyesterized precursor batch. A peculiar trend was observed. Even though the same 

polyesterized material with intended  mol%  doping was calcined at different temperatures, the 

XPS revealed different doping levels. For the doped samples, at 500 °C the real  mol%  doping 

is close to the intended  mol%  doping at 2.1% and 5.8% for the 2 mol%  and the 4 mol%  

samples respectively. The XPS surface analysis showed that this dopant concentration 

increased with temperature. This was observed for both of the  mol%  Ga3+ doping. Figure 4.36 

(a, b) demonstrates this trend. This phenomenon can be due to a time-temperature-

solubility (T-T-S) factor. At lower temperatures, Ga has greater solubility in the SrTiO3 matrix. 

As the temperature increases, the solubility decreases and the dopant segregates on the surface. 

The time plays an important role in allowing the dopant to permeate the SrTiO3. The effect of 

time can be observed more clearly in the batch synthesized at 900 °C for 6 h. This was discussed 

in the Chapter 3. For 10 h of calcination under compressed air, the doping levels are under 9 

mol%  whereas at 6 h the doping levels are 20 times higher than intended.  

 

 

Figure 4.36: Effect of increase in temperature on the doping levels for the (a) 2 mol%  Ga3+ 

(b) 4 mol%  Ga3+ doped SrTiO3 from XPS. At 500 °C, the dopant concentration is close to the 

intended mol% doping which could indicate that the solubility of Ga dopant decreases with an 

increase in temperature in the SrTiO3 matrix. 
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4.5.3 Effect of Temperature on the Surface Composition of the Samples 

Temperature change was observed to have an effect on the Sr2+ : Ti4+ on the doped samples as 

shown in Figure 4.37 (a, b). In the 2 mol%  Ga3+ doped samples, most of the samples show 

slightly higher Ti4+ except at 600 °C (Figure 4.37 (a)). For the 4 mol%  Ga3+ doped samples 

(Figure 4.37 (b)), the ratio is less than 1 indicating lower Ti4+. The lower Ti4+ or Sr2+ content 

could indicate the site of incorporation of the dopants. Lower Sr2+ indicates the site of 

incorporation could be the A-site. While lower Ti4+ indicates the site of incorporation is the A-

site. 

 

Figure 4.37: Effect of increase in temperature on the doping levels for the (a) 2 mol%  Ga3+ 

(b) 4 mol%  Ga3+ doped SrTiO3 from XPS. The ratio deviates from the 1:1 ratio in the doped 

samples indicating the incorporation of the dopant in the SrTiO3 matrix. 

The samples synthesized at 800 °C were analyzed via the TEM as shown in Figure 4.38 (a, b). 

The samples were crystalline and did not show any exsolution.  

 

Figure 4.38: Effect of increase in temperature on the  (a) 2 mol%  Ga3+ (b) 4 mol%  Ga3+ 

doped SrTiO3 synthesized at 800 °C from the TEM. The samples did not show any exsolution. 

4.6 Performance Assessment 

In this section, the defect-related charge carrier recombination dynamics are studied via the PL 

to understand how it affects the PEC performance of the materials.  The PEC analysis is done 

in a dopant-dependent sequence where undoped and doped samples are measured at a particular 
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temperature are compared. The PL is analyzed in both temperature-dependent and dopant 

dependent sequence. 

4.6.1 Photoluminescence (PL) Analysis 

PL analysis involves the emission of photons when a material is excited with light of a certain 

wavelength. Figure 4.39 (a-c) shows the comparison of the PL spectrum of the samples at 

different temperatures.  The samples were excited at 295 nm (4.2 eV). A broad peak covering 

350 nm to 430 nm with varying intensity can be observed. Excitation of samples at higher 

energy than the bandgap can allow emissions related to band-to-band transitions, defects, and 

dopant-induced luminescence.   

 

Figure 4.39: Room temperature PL spectrum comparison of the samples (a) Undoped (b) 2 

mol% and (c) 4 mol% Ga3+ doped SrTiO3 samples synthesized at different temperatures. The 

800 °C samples in the case of the undoped and the doped series show the highest intensity 

indicating the highest suppression of non-recombination pathways. The dotted lines show the 

emission peaks upon excitation. 

From PL peaks, the energy levels and transitions in a material can be studied. They represent 

the radiative recombination of electrons and holes with the emission of photons. The broad PL 

peaks for the samples in Figure 4.39 (a-c) indicate multiple recombination pathways. The 

presence of oxygen vacancies can create localized states within the bandgap of the samples 

[69]. When electrons transition from the conduction band to these states then recombination 

with holes can occur resulting in the emission spectrum. 
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Figure 4.40: Dopant dependent PL comparison of undoped and Ga3+ doped SrTiO3 samples 

at (a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C. The 4 mol% doped samples at all temperatures 

show the highest PL intensity indicating the better suppression of non-radiative recombination 

pathways.  

In Figures 4.39-4.40, the emission spectrum of the samples can deconvoluted into 6 peaks 

(dotted lines in the figures) at 363 nm (3.43 eV), 385 nm (3.22 eV), 397 nm (3.12 eV), 424 nm 

(2.93 eV), 463 nm (2.68 eV) and 490 nm (2.53 eV). Each peak indicates a transition due to 

states induced via doping or defects. The peak around 385 nm is close to the band gap energy 

(Near Band Edge, NBE) of these materials. This could be speculated to be from phonon-

assisted transitions from the conduction band to the valence band [70], [71]. The small peak at 

around 490 nm might be due to self-trapped excitons [72]. However, the emission peak from 

STE is only prominent at low temperatures. From the UV Vis analysis, no midgap states or 

visible light absorption was observed. Therefore,  it can be inferred that Ga3+ doping can 

introduce states not within the bandgap but beyond the CBMin and the VBM.  From Figure 35 

(a-d), the peak at 363 nm (3.43 eV) lies above the CBMin which could indicate the states 

introduced with Ga3+ doping i.e. GaTi
’. Lee, H. et al. [73] reported the presence of VO-related 

cathodoluminescence peaks at 2.94 eV, 2.43 eV, and 2.15 eV in surface and bulk STO. In the 

samples synthesized for this Ph.D. work, therefore the two peaks at 2.93 eV and 2.53 eV can 

be related to oxygen vacancies.  Neutral oxygen vacancies have been reported to act as shallow 

electron donors lying below the CBMin [74]. From this, it can thus be inferred that the state at 
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3.12 eV could be related to neutral VO
x.  Mitra, C.  et al. [68] reported that neutral VO, VȮ,  and  

VÖ in SrTiO3 are present at 0.7 eV, 0.57 eV, and 0.28 eV below the CBMin respectively. 

Therefore, it can be understood that the VO, VȮ, and VÖ energy levels could lie at 0.77 eV, 0.62 

eV, and 0.18 eV below the CBMin for the synthesized samples. Hou, Z. et al. [68] have reported 

that VO energetically prefers a single ionized state rather than a  VÖ state. In the introduction of 

their work, Hou, Z. et al. [68] report that the VO induces a delocalized state with a 3d-t2g 

configuration in the conduction band.  This could be the origin of the state 0.37 eV below the 

CBMin observed for the synthesized samples. In Lim, H.H. et al. [73], a state above the CB was 

observed for ZnO from PL and PLE measurements. They attributed these states to zinc 

interstitial defects. All the defect levels as seen from the PL are shallow defects. Therefore, the 

possibility of Ti or Ga interstitials cannot be excluded. The defect energy level diagram from 

the PL of the doped samples is shown in Figure 4.41.  The emission at 2.93 eV and 3.43 eV 

could be due to d-d transitions in the TiO6 octahedron due to Ti3+ centers near oxygen vacancies 

[75].  

 

Figure 4.41:  Defect energy level diagram of Ga3+ doped SrTiO3 from the PL analysis in 

Figures 4.39 and 4.40. 

Ionized oxygen vacancies i.e. VȮ and VÖ  are singly or doubly occupied with trapped electrons 

[76]. VÖ with two trapped electrons can reduce Ti4+ to Ti3+.  Ti3+ can act as traps for charge 

carriers and hence can be detrimental to the catalyst performance.  An increase in the PL 

intensity indicates an increase in radiative recombination rates i.e. the suppression of non-
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radiative pathways such as Ti3+ defects. A comparison of the Ti3+ defects between the samples 

is shown in Figure 4.42. The presence of Ti3+ was confirmed from the XPS Ti2p (Figures 4.30 

and 4.31) peak analysis. At every temperature, the 4 mol%  doped sample with higher PL 

intensity showed the lesser defects. At 600 °C and 700 °C, the 2 mol%  doped sample has 

higher Ti3+ content than the undoped and the 4 mol%  samples and lower PL intensity. Hence, 

the observations made in Figure 4.40 can positively correlate with the PL as suppression of Ti3+ 

defects in Figures 4.39-4.40.  

As discussed earlier, charged oxygen vacancies with trapped electrons can reduce Ti4+ to Ti3+ 

at the B-site. Ti3+ has an ionic radius of 0.67 nm in 6-coordination which is higher than the 

0.605 nm of Ti4+. This can cause the lattice to expand as observed in the case of the temperature-

dependent 2 mol%  Ga3+ doped samples in Figure 4.13(b). At 800 °C, there is a decline in the 

Ti3+ for the 4 mol%  doped sample at all temperatures. This could be why there is a contraction 

observed in the lattice of the 4 mol% samples as observed in Figure 4.13 (c). At 600-700 °C, 

the 2 mol% doped samples show the highest Ti3+ in their groups which aligns with two of the 

previous characterizations- the lower PL intensity in Figure 4.40 (b, c) and lattice expansions 

in Figure 4.13(b).  The introduction of dopants increases the defect suppression in most cases 

as observed with the increased PL intensity. The 4 mol%  Ga3+ doped SrTiO3 shows the highest 

PL intensity according to Figures 4.39-4.40 at every temperature. In the doped catalysts, the 

samples that demonstrate higher lifetimes (Figures 4.14 and 4.15) do not necessarily 

demonstrate higher PL intensities. In these samples, other intrinsic parameters could be 

facilitating the charge separation and hence, the higher lifetimes.  
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Figure 4.42: Dopant dependent comparison of Ti3+ defects in the samples from the 

deconvolution of Ti2p peak from the XPS surface characterization at (a) 500 °C (b) 600 °C (c) 

700 °C (d) 800 °C. The 4 mol% doped samples showed the highest Ti3+ defect suppression at 

all temperatures. The suppression of Ti3+ defects corresponds to the PL analysis in Figure 

4.40. 

Overall, the increase in radiative recombination rates of the samples can also indicate a direct 

bandgap nature of the doped samples. This observation holds for most of the doped samples 

except the 2 mol%  Ga3+ doped samples at 600 °C and 700 °C. Both of these samples show a 

lesser degree of radiative recombination than the undoped. Hence, in the band edge analysis in 

Appendix Figures 1-6, the 2 mol%  Ga3+ doped samples are considered indirect band gap 

materials. The 4 mol%  doped samples with greater suppression of defects also showed a 

decrease in the n-type nature in Figure 4.24 (b, c). The PL peaks do not show significant shifts 

in wavelengths which can be reflected in their similar bandgaps. From the PL analysis, we can 

determine what influences the performance of the samples. To correlate the suppression of 

defects, photoelectrochemical analysis was conducted which is discussed in detail in the next 

section. 

4.6.2 Photoelectrochemical Performance of the Doped Samples 

To compare the properties with the function of the materials, photoelectrochemical testing was 

performed. Linear sweep voltammetry tests were carried out in 1M KOH (pH= 13.6) with 

Ag/AgCl (Sat. KCl) as the reference electrode and the Pt wire as the counter electrode at 0.02 

(c) (d)

(a) (b)
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V/s scan rate. The samples were doctor-bladed on 2cm x 5cm  FTO glass as working electrodes. 

Ga3+ doping in SrTiO3 did not induce any visible light activity as shown in Figures 4.16-4.17. 

Therefore, UV irradiation was used to illuminate the samples. The irradiance of the light source 

was 40 W/cm2. Figure 4.43 shows the PEC-LSV performances of the doped samples. All the 

samples showed better responses towards OER.   

 

Figure 4.43: PEC performance of Ga3+ doped SrTiO3 synthesized at (a) 500 °C (b) 600 °C (c) 

700 °C (d) 800 °C. At 500 °C, the undoped sample shows a higher performance towards OER 

and higher photoresponse.  

At 500 °C from Figure 4.43 (a), the photoresponse of the undoped is higher than both the doped 

samples. In terms of current density, the 4 mol%  Ga3+ doped SrTiO3 outperforms at all other 

temperatures. The photoresponse of the 2 mol%  Ga3+ doped samples are higher for the samples 

synthesized at 600 °C and 800 °C (Figure 4.43 (b, d)). The onset potential decreases to 1.6 V 

for the undoped at 500 °C and the 2 mol%  doped sample at 800 °C. 

 The higher current density of the 4 mol%  doped samples at 600 °C -800 °C can be positively 

correlated with the PL intensity in Figure 4.40 (b-d). The exhibited performance can be 

attributed to the suppression of defects such as the Ti3+. Even though the current density is 

higher for the 4 mol%  Ga3+ doped samples from 600 °C- 800 °C, the photoresponse is higher 

for the 2 mol%  doped sample at 600 °C and 800 °C. At 800 °C, the 2 mol%  Ga3+ doped 

sample demonstrated the highest TCSPC lifetime (0.68ns) of all the samples indicating a better 

(a) (b)

(d)(c)
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charge carrier separation and mobility. At 600 °C, the 2 mol%  Ga3+ doped sample has a higher 

TCSPC lifetime (0.53 ns) as seen in Table 4.6. At 500 °C, both the doped samples showed 

lower photoresponse and current density. At this temperature, the higher degree of crystallinity 

of the surface of undoped SrTiO3 could have facilitated better charge migration leading to better 

performances. At 700 °C, all the samples show poor photoresponse (Figure 4.43(c)). This is 

due to the poor charge carrier lifetimes as indicated by the TCSPC lifetimes (Figure 4.15) due 

to higher trapping. The 2 mol%  doped samples show higher photoresponse at 600 and 800 °C 

compared to the other samples at those temperatures. The 4 mol% doped samples at 

temperatures 600-800 °C show the highest anodic performance aligning with the higher PL 

intensity due to suppression of non-radiative recombination pathways as shown in Figure 

(4.40(b-d)).   

In Figure 4.36, dopant segregation can be seen from the XPS as the temperature increases. This 

was also observed in the high-temperature samples studied in Chapter 3.  Zhang, Z. et al. [77] 

reasons that dopant segregation takes place due to elastic or electrostatic interactions. This 

phenomenon is observed mostly in ionic oxides with aliovalent dopings [78]–[80]. In both the 

current chapter and Chapter 3, the samples (600 – 800 °C) and the 900 °C samples respectively 

a higher PEC performance can be observed. This can positively be linked to the dopant 

segregation as both the 2 mol% and 4 mol% doped samples at 500 °C underperformed when 

compared to the undoped. The dopant segregation in this case could have created more active 

sites for the OER by modifying the surface chemistry as observed with the intrinsic parameters 

such as the lifetimes, the IP, the EA, or the work function. 

From this study, it was observed that Ga3+ doped SrTiO3 improved the performance towards 

OER under UV irradiation without any significant changes to the bandgap. Ga3+ doping was 

found to have improved the UV absorption abilities of SrTiO3. From the properties of the 

material, the performance of the catalysts was found to be due to many interrelated intrinsic 

and extrinsic factors. To understand dopants with d10 configuration, this chapter studies in detail 

the conditions, properties, and performances of Ga3+ doped SrTiO3. 

4.7 Conclusion 

Ga3+ doped SrTiO3 was synthesized via sol-gel Pechini at various annealing temperatures under 

compressed air. Varying temperatures impacted microstructural properties and opto-electronic 

properties. The linear sweep voltammetry (LSV) revealed higher current densities of the doped 

samples than the undoped ones at temperatures between 600 °C-800 °C. With the increase in 

temperatures, crystallinity and crystallite sizes increased. The microstrain was studied to 

correlate between the presence of defects and the TCSPC lifetimes. In the doped samples at 

800 °C, the microstrain decreases and a subsequent increase in lifetimes can be observed as 

shown in Figure 4.44 (a-b). In general, the doped samples showed an inverse relation between 

the microstrain and the lifetimes. Higher microstrain in samples could mean lower lifetimes. 

In terms of suitable temperatures for synthesizing photocatalysts, 800 °C would be the ideal 

temperature due to the better material properties observed in the samples synthesized at this 

temperature. In the temperature-dependent samples, a time-temperature-solubility effect was 

observed where with an increase in temperature, more surface segregation of the dopant was 

observed with the XPS. This indicates that the solubility of Ga decreases with temperature. 
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This finding can be linked to the exsolution observed in Chapter 3 and hence, confirms that at 

higher temperatures Ga doping leaches out of the SrTiO3 matrix as exsolution or surface 

segregates. This surface segregation as observed in the higher anodic currents which were 

observed in  Chapter 3 as well could have led to increased active sites for the enhanced OER 

performances observed. 

 

Figure 4.44:  Correlation between the microstrain and lifetimes of the samples for (a) 2 mol%  

Ga3+ and (b) 4 mol%  Ga3+ doped SrTiO3. In the doped samples, the microstrain shows an 

inverse relation to the lifetimes. 

Microstructural changes with temperature such as the lattice volume together with electronic 

properties like work function can be linked to the type of oxygen vacancies present in the 

samples. The presence of oxygen vacancies was indirectly validated from the XPS elemental 

ratios and with the PL. The role of defects in this work is both enhancing lifetimes in some 

samples and decreasing in others. No changes in bandgaps and visible light activity were 

observed. Measurement of work function, electron affinity, and ionization potential indicated 

the presence of traps that could limit the mobility of electrons and holes. From the materials 

synthesized, it was observed that the samples containing lower EA and IP demonstrated the 

highest lifetimes as shown in Figure 4.26. Hence, the idea of a window of EA and IP where 

these traps are low, and carrier mobility is high has been proposed. In summary, rigorous efforts 

should be made when designing a novel photocatalyst and the conditions under which the 

synthesis process takes place. The doped samples in this study showed n-type conductivity, 

which is indicative of oxygen vacancies and hence, is represented by the formula SrTi(1-

x)GaxO3-y. The efficiency of a photocatalyst and how it performs depend on many interrelated 

factors that should be considered during the designing process. In this work, both the synthesis 

process and material properties were studied to understand Ga3+ doped SrTiO3. The results 

obtained in this work can be used to understand how d10 dopants can be utilized to make an 

efficient photocatalyst and advance the field of photocatalytic clean fuel generation. 
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Appendix 

 

 

 

Figure 4.A1: Band Edge Alignment of undoped SrTiO3 at a.) 500 °C b.) 600 °C c.) 700 °C d.) 

800 °C with work function from Kelvin Probe 

 

 

 

Figure 4.A2: Band Edge Alignment of undoped SrTiO3 at a.) 500 °C b.) 600 °C c.) 700 °C d.) 

800 °C with work function from the XPS 
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Figure 4.A 3: Band Edge Alignment of 2  mol%  Ga doped SrTiO3 at a.) 500 °C b.) 600 °C c.) 

700 °C d.) 800 °C with work function from Kelvin Probe 

 

 

Figure 4.A 4:Band Edge Alignment of 2  mol%  Ga doped SrTiO3 at a.) 500 °C b.) 600 °C c.) 

700 °C d.) 800 °C with work function from XPS 
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Figure 4.A5: Band Edge Alignment of 4  mol%  Ga doped SrTiO3 at a.) 500 °C b.) 600 °C c.) 

700 °C d.) 800 °C from the Kelvin Probe 

 

Figure 4.A6: Band Edge Alignment of 4  mol%  Ga doped SrTiO3 at a.) 500 °C b.) 600 °C c.) 

700 °C d.) 800 °C from the XP
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Chapter 5: Investigating the Role of the Cr3+/Cr6+ in Determining the Photoactivity in Cr-

(co-) doped SrTiO3  

Summary 

In this work, a modification was introduced to the standard sol-gel Pechini process to study the 

effect of dopant incorporation. Co-doping methods were studied for their effect on midgap state 

suppression. Higher lifetimes were observed in 1  mol% Cr3+ doped SrTiO3 sample prepared 

with the serial dilution method. No Cr6+ trap states were observed in this sample compared to 

the other doped samples.  

 

5.1 Introduction 

Doping with transition metal ions is a widely accepted strategy for narrowing band gaps and 

inducing visible light absorption in wide band gap SrTiO3. One such material is Cr3+ (electronic 

configuration of [Ar]3d3) which can narrow the band gap to induce visible light activity in 

SrTiO3. Studies have shown that Cr3+ has better H2 evolution than the undoped SrTiO3  [1]-[4]. 

Cr3+ doping can also result in Cr6+ states which can be detrimental to photocatalysis and co-

doping with La might help suppress these states [1]. This study focuses on the incorporation 

route of the Cr dopants in SrTiO3 and how it affects the performance of the catalysts. In this 

work, an attempt to understand how the Cr3+ and the Cr6+ affect the performance of the catalysts 

will be made. A detailed study will be made to understand which oxidation state facilitates 

photocatalytic performance and which state can be beneficial to electrocatalysis. 
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Motivation for Studying Cr-doped SrTiO3 

Cr3+ with d3 configuration doping introduces states above the valence band that facilitate visible 

light absorption enabling a more efficient photocatalyst. With this objective, 2 mol% Cr3+ 

doped SrTiO3 samples were synthesized at 800 °C and 900 °C. Figure 5. i (a, b) shows the 

absorption comparison spectrum between the synthesized undoped and Cr-doped SrTiO3. The 

doped samples show an additional absorption feature around 550 nm tailing off around 900 

nm. This behavior of extending the light absorption is analogous to other B-site transition 

metals such as Rh3+ doped SrTiO3 as shown in Figure 5.i (c). These states in Rh-doped SrTiO3 

were attributed to Rh4+ trap states. Suppression of Rh4+ states can lead to an enhanced 

photocatalytic performance.  To suppress these states, H2 reduction or co-doping techniques 

can be employed. In this work, the study on the effect of co-doping was started with La3+. This 

was followed by studying the effect of Cs+1 on the Cr6+ trap states. Another batch with 

monodoped Cr was prepared to study the effect of increasing controlled mono-doping on the 

Cr6+ states. 

 

Figure 5.i:  Kubelka Munk function to study the mid-gap states around 550 nm in the 

absorption spectrum of 2 mol% Cr3+ doped SrTiO3 at (a) 800 °C (b) 900 °C (c) Analogous 

behavior of Rh3+: SrTiO3 and the suppression of the Rh4+ trap states with La3+ and H2 

reduction reproduced from the work of Moss, B. et al. [5] (Copyright © 2021, The Author(s), 

under exclusive licence to Springer Nature Limited). 

In the previous chapters, a time-temperature-solubility (T-T-S) factor causing surface 

segregation of the dopants was discussed resulting in higher  mol% doping than intended. 

Therefore, the samples were prepared via two dopant incorporation techniques to compare the 

effect of this factor on the amount of doping and their performance.  

5.2 Experimental  

Synthesis of Cr3+ mono- and co-doped SrTiO3 

Undoped, 2 mol% Cr3+ mono-, La3+, and Cs1+ co-doped samples were synthesized via the sol-

gel Pechini method as discussed in Chapter 2. The undoped, Cr monodoped, La3+ and Cs1+ co-

doped SrTiO3 samples yielded white, red, yellow, and violet fine powders respectively as 

shown in Figure 5.1 (a, b, and d). The SD series resulted in faint yellow samples at low doping 

concentrations to red powders at higher  mol% doping as seen in Figure 5.1 (c). 

 

(a) (b) (c)
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Figure 5.1: Synthesized samples (a) La3+ co-doped samples 900 °C  (b) La3+ co-doped samples 

800 °C (c) Serial dilution Cr3+ monodoped series (d) Cs+1 co-doped sample at 800 °C. 

5.3 Goldschmidt’s Tolerance Factor Consideration in the Structural Stability of the 

Samples 

Goldschmidt’s tolerance factor was calculated for the synthesized samples and is tabulated in 

Table 5.1. 

Table 5.1: Goldschmidt’s Tolerance Factor for undoped and doped SrTiO3 samples 

Sr No Sample Tolerance Factor, t 

1 SrTiO3 1.0000 

2 SrTi(0.999)Cr(0.001)O3 1.0016 

3 SrTi(0.99)Cr(0.01)O3 1.0015 

4 SrTi(0.98)Cr(0.02)O3 1.0015 

5 SrTi(0.9)Cr(0.1)O3 1.0011 

6 La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3 1.0012 

7 La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3 1.0009 

8 La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3 1.0001 

9 La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3 0.9987 

10 Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3 1.0030 

11 Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3 1.0046 

12 Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3 1.0092 

13 Cs(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3 1.0170 

(a) (b)

(c) (d)
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From Table 5.1, the tolerance factor of the samples is 1 which is within the tolerance limit of 1 

[6]. It can be inferred from Table 1, that most samples retain the cubic structure with no 

distortions upon doping. However, at 10 mol% Cs1+ co-doping, the tolerance factor (t) is 

slightly greater than 1. This could indicate distortions to the cubic structure. 

Due to the similarities in the ionic radii of Ti4+ and Cr3+, the dopant is expected to be in the B-

site. In the work of Ichihara, F., the tolerance factor of undoped, Cr and La, Cr doped samples 

were reported to be 0.9986, 0.9981, and 0.9983 respectively [7]. This is quite close to the values 

calculated in the above table. The tolerance factor (t) of the samples was compared with the 

XRD patterns discussed in the following section. 

5.4 Microstructural Analysis with the XRD 

The diffraction patterns of the La3+ co-doped samples were phase pure, and no phase 

segregations were detected as shown in Figure 5.2 (a, b). For the Cr3+ monodoped samples 

synthesized via serial dilution doping method, the 10 mol% sample was not phase pure (Figure 

5.2(e)). For both the Cs1+ co-doped batches synthesized at 800 °C and 900 °C, phase purity 

ceases beyond 5 mol% doping (Figure 5.2 (c, d)). La3+ co-doping could have increased the 

solubility of the Cr dopant in the SrTiO3 matrix. Therefore, even at higher  mol% the phase 

purity is maintained. La3+ enhancing dopant solubility was discussed in the previous chapter.  

All peaks were indexed after calculation and were found to be consistent with the SrTiO3 ICSD 

23076 file [8]–[10].  
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Figure 5.2: XRD patterns of (a) La3+ co-doped batch at 800 °C (b) La3+ co-doped batch at 900 

°C (c) Cs1+ co-doped batch at 800 °C  (d) Cs1+ co-doped batch at 900 °C (e) Cr3+ monodoped 

batch with serial dilution synthesized at 800 °C compared with ICSD reference (pink) [8]-[10]. 

All patterns were measured with a PANanalytical X’pert MPD diffractometer with Cu Kα 

radiation source of λ = 0.15406 nm and were collected between 2θ range 20° to 80° and at 

0.3s time/step.  

In photocatalysis, the size of the nanoparticles is fundamental in determining the efficiency of 

the photocatalytic activity [11], [12]. Smaller particles provide higher specific surface areas 

which promotes higher photoactivity. The coherently scattering domain size (crystallite sizes), 

the microstrain, and the lattice parameters were calculated from the XRD and the Rietveld 

refinements. These values are tabulated in Table 5.1A (Appendix) and the crystallite size 

comparison is shown in Figure 5.3 (a-c). The crystallite size of the samples was calculated by 

**

(a) (b)

(c) (d)

(e)
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the Debye-Scherrer equation and the microstrain with the W-H analysis as shown in Eqs (2.5) 

in Chapter 2. 

 

Figure 5.3: Comparison of the crystallite sizes (a) Cr monodoped serial dilution samples with 

the inset comparing the 2 mol% Cr monodoped sample prepared by different methods (b) La3+ 

co-doped (800 °C, 900 °C) (b) La3+ co-doped (900 °C) (c) Cs1+ co-doped (800 °C, 900 °C).  

Note: * SD in Figure 5.3(a) inset denotes serial dilution.  

Figure 5.3(a) shows the general trend in the crystallite sizes of the SD series with dopant in the 

B-site which decreases with increasing  mol% doping. In this series, the 0.1 mol% sample 

significantly decreased compared to the undoped. The crystallite sizes of the 1 mol% and the 2 

mol% are higher than the 0.1 mol% but lower than the undoped. The inset of 5.3(a) compares 

the 2 mol% Cr doped sample made with the serial dilution method and the sol-gel Pechini. The 

2 mol% Cr doped sample made with the serial dilution shows the lowest crystallite size 

compared to the sol-gel Pechini samples made at 800 °C and 900 °C. In the La3+ co-doped 

series in 5.3(b), the samples made at 800 °C show a decrease compared to the monodoped 

sample. The samples made at 900 °C however show a more erratic trend. The 1 mol% La3+ co-

doped samples show the highest crystallite size and increasing the co-doping from 1 mol% 

showed a decrease in the size. Similarly, in 5.3(c) the Cs+1 samples made at 900 °C behave 

more erratically with 1 mol% and 5 mol% Cs+1 co-doped samples showing higher crystallite 

size compared to the monodoped sample. The trend in the 800 °C samples shows decreasing 

(b)

(c)

(a)



Chapter 6 
 

191 
 

sizes up to 2 mol% and an abrupt increase in the 5 mol%.  The decreasing sizes could be due 

to hindered grain growth or enhanced nucleation of smaller particles.  

Another important aspect of the microstructure is the lattice volume. Lattice volume changes 

is an important parameter to understand the effect of oxygen vacancies on the microstructure 

[13]–[16]. The cell volume was calculated from the lattice parameters obtained after extracting 

the hkl values as per the method discussed in Chapter 2. The lattice volume was then calculated 

by the Eq (2.4) in Chapter 2. 

 

Figure 5.4:  Lattice volumes comparison (a) Cr monodoped SD series samples (b) La3+ co-

doped samples (c) Cs1+ co-doped samples. An upward trend in the lattice volumes indicates an 

expansion and a downward trend indicates a contraction.  

Defects such as vacancies can be created through doping and high-temperature annealing. In 

Chapters 4 and 5, a detailed analysis of how lattice expansions and contractions are a result of 

the types of charged oxygen vacancies is discussed. Here, the Kröger Vink notations can be 

used to understand the type of charged defects present in the lattice. Figure 5.4 (a-c) 

demonstrates the cell volume changes in the doped batches. The SD series Cr monodoped 

samples in Figure 5.4(a) show a monotonic increase in volume as the mol% doping increases. 

To understand the effect of doping the micro-structure and the type of defects present, two 

scenarios are discussed. In Figure 5.1(c), the colors of the  0.1 and 1 mol% samples are faint 

yellowish which could indicate that the presence of Cr3+ could be dominant. The presence of 

(a) (b)

(c)



Chapter 6 
 

192 
 

Cr3+ in the B-site can be demonstrated by Eq (5.1). When Cr3+ substitutes Ti4+, it creates a 

negatively charged defect. To maintain overall charge neutrality, oxygen vacancies can be 

created and these vacancies can also be created during the high temperature annealing as shown 

in Eq (5.2). 

Cr2O3 + 2TiTi
X                 2CrTi

’ + V̈O  + 3OO
X       (5.1 

OO
X        ½ O2 + V̈O + 2e’        (5.2) 

In the second scenario, predominantly in the 2 mol% and higher doped SD samples, the colors 

change from faint yellow to reddish as seen in Figure 5.1(c). This could be due to the increase 

in Cr6+ on increasing mol% doping. In this case, when Cr6+ replaces Ti4+, it forms a positively 

charged defect as shown in Eq (5.3). In this scenario, charge compensation can occur with 

electronic compensation, and in Eq (5.4) the electrons from the electronic compensation can 

reduce the Ti4+ leading to the formation of Ti3+ (TiTi
’). The overall defect Eq with both Cr3+ and 

Cr6+ in the B-site is shown in Eq (5.5). 

CrO3 + TiTi
X            Cr̈Ti  + 2e’ + 3OO

X        (5.3) 

TiTi
X  +   e’            TiTi

’          (5.4) 

Cr2O3 + CrO3 + TiTi
X            CrTi

’ + Cr̈Ti  + TiTi
’ + 6OO

X     (5.5) 

The presence of Ti3+ with a higher ionic radius could also contribute to the increase in lattice 

volume in the SD series. The La3+ co-doped samples in Figure 5.4(b) show an increase in cell 

volume at 5 mol% co-doping compared to the monodoped sample for the 800 °C batch. This 

batch shows a monotonic decrease in cell volume from 2 mol% co-doping. For the La3+ co-

doped samples at 900 °C, a monotonic decrease in cell volumes is also observed except at the 

1 mol% co-doped sample which shows an increase in volume. The purpose of co-doping is to 

suppress the Cr6+ states. Therefore, in this batch two scenarios can be examined. The first 

scenario considers only Cr3+ states as seen in Eq (5.6) and the scenario with incomplete 

suppression of Cr6+ as seen in Eq (5.7). Cr3+ substitution forms a negatively charged defect 

(CrTi
’ )and Cr6+ forms a double positively charged defect (Cr̈Ti). Charge compensation is 

achieved with electronic and vacancy compensation in both scenarios. Both cases take into 

account the formation of Ti3+ defects. 

Cr2O3 + La2O3 + 2SrSr
X + 2TiTi

X             2CrTi
’ + 2LȧSr + 2TiTi

’+ V̈O + 5OO
X (5.6) 

2Cr2O3 + CrO3 + La2O3 + 2SrSr
X + 2TiTi

X          4CrTi
’ +  Cr̈Ti + 2LȧSr + V̈O + 2TiTi

’ + 11OO
X 

(5.7)                     

For the Cs1+ co-doped samples in Figure 5.4(c), the 800 °C batch shows a decrease and the 900 

°C batch shows an increase with an increase in mol% co-doping.  Similarly, the two scenarios 

with complete and incomplete Cr6+ states are shown in equations (5.8) and (5.9). 

Cr2O3 + Cs2O + 2SrSr
X + 2TiTi

X                2CrTi
’ + 2CsSr

’ + 2TiTi
’ + 2 V̈O  + 2OO

X (5.8) 
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Cr2O3 + CrO3 + Cs2O + 3SrSr
X + 3TiTi

X            2CrTi
’ +  2Cr̈Ti + 2CsSr

’ + 2TiTi
’ + V̈O + 6OO

X

           (5.9)  

Both Eq (5.7) and (5.9), indicate double positively charged oxygen vacancies which could lead 

to lattice contractions which can be observed for most of the La3+ co-doped samples and the 

Cs1+ samples made at 800 °C. The Cs1+ samples made at 900 °C show lattice expansion, which 

could be due to other intrinsic defects such as the Ti3+.  Volume changes can also be caused by 

substituting larger Cs+1 ions in the B-site and the smaller Cr ions in the A-site. Cr substitution 

in the Ti4+ site can be understood based on oxygen-rich and poor conditions. In an oxygen-rich 

environment, the Cr2O3 undergoes oxidation to form CrTi
x as shown in Eq (5.10). Eq (5.11) 

shows the case of an oxygen-poor environment where more vacancies are created. 

Cr2O3 +1/2 O2            2CrTi
x + 4OO

X       (5.10) 

Cr2O3           2CrTi
’ + 2OO

X + V̈O        (5.11)  

Figure 5.5(a-d)  compares the relative crystallinity of the sample batches. From the intensity of 

the peak (110) of the samples, it is evident that the 900 °C samples have better crystallinity 

than those at 800 °C. From the (110) peaks in Figure 5.5 (a-d), the FWHM and 2θ of the samples 

can be correlated as per the Scherrer equation. Where the FWHM decreases, the crystallite size 

shows an increase. A shift to lower 2θ angles indicates an expansion and to lower 2θ angles 

indicates a contraction. The ionic size of La3+ (1.36 Å) in 12 co-ordination to oxygen atoms is 

smaller than the Sr2+ cation ( 1.44 Å) [17]. The ionic size of Cr3+ (0.615 Å) in 6 co-ordination 

to oxygen atoms is larger than the Ti4+ cation ( 0.605 Å) [17]. Shift to lower 2θ values resulting 

in the expansion of the lattice may be due to the substitution of larger dopants in the B-site. 

The reverting of 2θ values close to the undoped in the case of La3+ co-doped samples might be 

attributed to the substitution of the smaller-sized La dopant in the A site. Similar results related 

to the XRD peak analysis have been reported by Jiang, D. et al. [2]. Wang, D. et al. [18] and 

Bi, Y.  et al. [19] both reported the peak shifts to higher 2θ values indicating the substitution of 

Cr3+ at the A site.  
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Figure 5.5: Degree of relative crystallinity comparison w.r.t to (110) in (a) La3+ 800 °C co-

doped (b) La3+ 900 °C co-doped (c) Cs1+ 800 °C co-doped (d) Cs1+ 900 °C co-doped SrTiO3 

samples. The 1 mol% La co-doped sample at 800 °C shows higher relative crystallinity than 

the undoped and other doped samples. All the Cs doped samples (800 °C) in (c) show higher 

relative crystallinity as compared to the undoped. 

Note: In Figure 5.5, some of the Cs1+  samples show discrepancies in the direction of shifts 

when compared with lattice volumes after Rietveld refinements. Here, the calculated lattice 

volumes are deemed accurate compared to the XRD peak shifts as these could be affected by 

how the samples are loaded on the sample holder.   

In Figure 5.5(b), the undoped SrTiO3 has the highest crystallinity whereas the co-doped 

samples have a steady decrease in crystallinity as the  mol% of La3+ doping increased. In the 

case of the 800 °C batch in Figure 5.5(a), the 1 mol% La3+ co-doped showed the highest 

crystallinity. The undoped and the 2 mol% Cr3+ have similar degrees of crystallinity. Between 

2 mol% to 10 mol% La3+ co-doped samples, the degree of crystallinity decreased steadily. At 

800 °C, the 5 mol% Cs1+ co-doped sample has a higher degree of crystallinity than the other 

samples (Figure 5.5(c)). At 900 °C, the undoped SrTiO3 has a higher degree of crystallinity 

than the co-doped samples (Figure 5.5(d)).  

Along with the lattice volumes, Table 5.1A also lists the microstrain. The microstrain is defined 

as the strain that is localized in some lattice spacings. These types of strains are associated with 

defects such as dislocations, faults, and grain boundaries [20]. For the 900 °C batch, the 

(a) (b)

(c) (d)
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microstrain variation between the undoped SrTiO3 and the 1 mol% La3+ co-doped samples is 

low. The 2 mol% Cr3+ doped sample shows a slight increase in the microstrain.  For the 800 °C 

batch, the microstrain increases sharply for the Cr3+ monodoped samples which then decreases 

for the 1 mol% and 2 mol% La3+ co-doping and again shows a slight increase for the 1 mol% 

and 2 mol% La3+ co-doped samples. The microstrain comparison between different batches are 

shown in Figure 5.6 (a-c). The microstrain was calculated via the Williamson Hall Method 

assuming a uniform deformation model (UDM). Instrumental broadening was considered 

during both Scherrer and W-H analysis.   

 

Figure 5.6: Microstrain comparison (a) Cr monodoped SD series samples. The inset shows 

the comparison between the 2 mol% Cr doped samples synthesized with the serial dilution 

method and the standard sol-gel Pechini method  (b) La3+ co-doped samples (c) Cs1+ co-doped 

samples. Microstrain is an indirect indicator of defects present in crystal lattices. 

Since the microstrain exists in the vicinity of defects, therefore this can be studied to understand 

the occurrence of defects in these samples. At both 800 °C and 900 °C (Figure 5.6 (a)), the Cr3+ 

monodoped samples show an increase in the presence of defects. These defects are 

subsequently decreased with the co-doping. Amongst the doped samples at 800 °C (Figure 5.6 

(b)), 2 mol% La3+ co-doped samples showed a higher decrease in microstrain as compared to 

other doped samples. Here, the smaller increment of change in the 900 °C batch might be due 

to higher temperatures improving the crystallinity of the samples and decreasing the presence 

of defects. In the case of the Cs+1 co-doped 800 °C (Figure 5.6 (b)), the microstrain increased 

(a) (b)

(c)
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against the undoped reference peaking at 1 mol%. For the 900 °C batch (Figure 5.6 (b)), the 

microstrain decreased. The serial dilution series also reported higher microstrain as compared 

to the undoped SrTiO3.  

From the microstructural analysis, with increasing the  mol% of doping or changing the 

annealing conditions significant changes are introduced in the samples. Microstructural 

parameters can significantly affect the performance of the catalysts as was observed in the 

previous chapters. To facilitate the understanding of which batch of photocatalysts could 

perform better further,  surface and opto-electronic analysis was done which are discussed in 

the subsequent sections.  

5.5 Elemental Analysis with X-ray Photoemission Spectroscopy (XPS) and Site of 

Substitution of the Dopants with EPR 

The oxidation states and the site of dopant substitution is important to understand the behaviour 

of the synthesized materials. In this section, XPS analysis is studied to confirm the elements 

and the oxidation states. To further the XPS results, EPR studies were conducted. The EPR 

measurements and data analysis in this Ph.D. work were done by Dr. Arnau Bertran under the 

guidance of Prof. Ludmilla Steier, St. Catherine’s, University of Oxford. Dr. Bertran shared his 

expertise in this field and helped in understanding and writing this section. 

5.5.1 XPS Analysis  

Sr3d 

The surface of the undoped, and the Cr3+ (co-) doped SrTiO3 samples were investigated. For 

the samples Sr3d, Ti2p, Cr2p, La3d and O1s were analysed. All the peaks were charge-

corrected for C1s at a binding energy of 284.8 eV.  Figure 5.7 shows the deconvoluted Sr3d 

peaks with Sr3d5/2 peak at 133.77 eV and Sr3d3/2 peak at 134.49 eV attributed to Sr2+ in SrTiO3 

lattice. The split between the d5/2 and the d3/2 orbital in the case of the undoped SrTiO3 is 1.72 

eV.  The sample shows two additional peaks corresponding to SrCO3. For the undoped sample, 

the ratio between the SrCO3 Sr3d5/2 and the C1s C=O is 1:1.1 which is close to the reported 1:1 

carbonate ratio in literature confirming the presence of SrCO3. The calculated amount of SrCO3 

from the XPS analysis is 0.08% in the undoped sample.  
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Figure 5.7: Deconvoluted and charge-corrected Sr3d peaks of Undoped SrTiO3 (900 °C) at 

132.77 eV and 134.49 eV with trace amount of SrCO3. 

The charge-corrected Sr3d peaks for the Cr-doped samples at 900 °C and 800 °C are shown in 

Figures 5.8-5.9. At 800 °C, the sample showed a higher amount of SrCO3 at 2.45 atomic % 

compared to the 0.88 atomic % of the 900 °C sample.  

 

Figure 5.8: Deconvoluted and charge-corrected Sr3d peaks of 2 mol% Cr3+ doped SrTiO3 (900 

°C) at 132.59 eV and 134.34 eV with trace amount of SrCO3. 
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Figure 5.9:  Deconvoluted and charge-corrected Sr3d peaks of 2 mol% Cr3+ doped SrTiO3 

(800 °C) at 133.01 eV and 134.77 eV with a trace amount of SrCO3. 

 

 

 

Figure 5.10:  Deconvoluted and charge corrected Sr3d peaks of 1 mol%, 2 mol%, 5 mol% and 

10 mol% La, 2 mol% Cr doped SrTiO3 synthesized at 900 °C  with additional peaks of SrCO3.  

From the deconvolution of the Sr3d peaks in Figures 5.7-5.10, the presence of SrCO3 is 

apparent in the doped samples which are typical as reported by Cali, E. et al. [21]. For the 1 

mol%, 2 mol%, 5 mol% and 10 mol% La3+, 2 mol% Cr3+ doped SrTiO3 co-doped samples at 

900 °C, the ratios between the SrCO3 Sr3d5/2 and the C1s C=O are 1:0.91, 1:1.3, 1:1.4, 1:1.13 
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and 1:1.1 respectively, thereby confirming SrCO3. The amount of SrCO3 decreases for the 2 

mol% Cr3+ sample and increases for the La co-doped samples.  Figure 5.11 shows the Sr3d 

peaks for the La3+ co-doped samples at 800 °C.  

 

Figure 5.11: Deconvoluted and charge corrected Sr3d peaks of (a) 1 mol% (b) 2 mol% (b) 5 

mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 synthesized at 800 °C  with additional 

peaks of SrCO3.  

Figure 5.12 shows the Sr3d peaks for the samples prepared with the SD method. The SrCO3 

Sr3d5/2 and the C1s C=O ratio are close to 1:1 confirming the presence of SrCO3 with the lowest 

amount in 1 mol%.  

(a) (b)

(c) (d)
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Figure 5.12: Deconvoluted and charge corrected Sr3d peaks of (a) 0.1 mol% (b) 1 mol% and 

2 mol% Cr doped SrTiO3 prepared with the serial dilution method. 

The SrCO3 amount decreased for the samples at 900 °C as the La3+  mol% doping increased as 

seen in Figure 5.10. For 800 °C, SrCO3 increased with  mol% co-doping  as seen in Figure 

5.11. For the 900 °C  samples, Sr3d5/2 and the Sr3d3/2 peaks show shifts to 0.18 eV and 0.15 eV 

lower binding energies in the Cr3+ doped sample. The Sr3d5/2 and the Sr3d3/2 peaks in the 1 

mol% (132.95 eV,134.70 eV), 2 mol% (132.96 eV, 134.71 eV), 5 mol% (132.94 eV, 134.69 

eV) and 10 mol% (132.85 eV, 134.60 eV) La3+ co-doped samples show shifts to higher binding 

energies as compared to undoped SrTiO3. Whereas in the 800 °C  samples, Sr3d5/2 and the 

Sr3d3/2 peaks show shifts to 0.19 eV higher binding energies in the Cr3+ doped sample. The 

Sr3d5/2 and the Sr3d3/2 peaks in the 1 mol% (132.85 eV,134.60 eV), 2 mol% (133.00 eV, 134.75 

eV), 5 mol% (133.05 eV, 134.79 eV) and 10 mol% (132.93 eV, 134.68 eV) La3+ co-doped 

samples show shifts to higher binding energies as compared to undoped SrTiO3 at 800 °C. For 

the SD series, the 0.1 mol% (132.48 eV, 134.23 eV) and the 2 mol% shift (132.54 eV, 134.29 

eV) to lower binding energies whereas the 1 mol% (132.95 eV, 134.72 eV) shift to higher 

binding energies.  

The direction of shifts of the XPS peaks may indicate at which site the dopant has been 

incorporated. It has been reported that when Cr3+ substitutes the A site, a shift to higher energy 

is observed [19][22]. A shift to lower binding energies might indicate the substitution at the B-

site. The split between the d5/2 and the d3/2 orbital in the case of the doped SrTiO3 samples also 

shows an increase at 1.75 eV.  

Ti2p 

The Ti2p3/2 peaks for the samples were analyzed and compared with the undoped. The main 

component of the undoped (900 °C) XPS Ti2p3/2 and Ti2p1/2 peaks are at 458.24 eV and 463.94 
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eV which can be attributed to Ti4+ in Figure 5.13. The samples showed the presence of 

additional Ti3+ defects. The ratio of Ti3+ are listed in Table 6. The main component of Ti2p is 

shown in orange and the Ti3+ is shown in blue. The ratio of Sr3d5/2: Ti2p3/2 in the case of the 

undoped is 1:0.98. In the 2 mol% Cr doped sample, the Sr3d5/2: Ti2p3/2 ratio is 1:1 shown in 

Figure 5.14. In the co-doped samples (900 °C), the Sr3d5/2: Ti2p3/2 are 1:1.11, 1:0.99, 1:0.98, 

1:1.07 respectively in 1 mol%, 2 mol%, 5 mol% and 10 mol%  co-doped sample (Figure 5.16(a-

d)). The Ti2p3/2 (458.08eV) and Ti2p1/2 (463.78 eV) in the 2 mol% Cr doped sample show shifts 

to lower binding energy as shown in Figure 5.14.  For the 900 °C samples,  Ti2p3/2 and Ti2p1/2 

move to higher binding energies in the case of the 1 mol% and 2 mol% co-doped samples as 

compared to undoped samples as shown in Figure 5.16 (a-b). The Ti2p3/2 and Ti2p1/2 move to 

lower binding energies in the case of the 5 mol% and 10 mol% co-doped samples shown in 

Figure 5.16(c-d). The binding energies are listed in Table 5.2.  

 

Figure 5.13:  XPS Ti2p Peak of Undoped SrTiO3 with Ti2p1/2 at 463.94 eV with Ti3+ (blue) at 

lower binding energies. 
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Figure 5.14:  Deconvoluted and charge- corrected Ti2p1/2 peaks of 2 mol% Cr3+ doped SrTiO3 

(900 °C) at 463.78 eV and Ti3+ (blue). 

In the co-doped samples (800 °C), the Sr3d5/2: Ti2p3/2 are 1:1.11, 1:1.18, 1:1.08, 1:1.22 and 

1:1.12 respectively in 2 mol% Cr3+, 1 mol%, 2 mol%, 5 mol% and 10 mol%  co-doped samples. 

The Ti2p3/2 (458.34 eV) and Ti2p1/2 (464.05 eV) in the 2 mol% Cr3+ doped sample show shifts 

to higher binding energy as compared to the undoped at 800 °C as shown in Figure 5.15. The 

Ti2p3/2 and Ti2p1/2 move to higher binding energies for 2 mol% co-doped samples as compared 

to undoped samples as shown in Figure 5.17 (b). The Ti2p3/2 and Ti2p1/2 move to lower binding 

energies in the case of the 1 mol%, 5 mol%, and 10 mol% co-doped samples shown in Figure 

5.17 (a, c-d). The binding energies are listed in Table 5.2.  
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Figure 5.15: Deconvoluted and charge corrected Ti2p1/2 peaks of 2 mol% Cr3+ doped SrTiO3 

(800 °C) at 464.05 eV with Ti3+ defects. 

 

 

Figure 5.16: Deconvoluted and charge corrected Ti2p1/2 peaks of (a) 1 mol% (b) 2 mol% (c) 

5 mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C. All samples in this exhibit 

varying concentrations of Ti3+. 
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Figure 5.17:  Deconvoluted and charge corrected Ti2p1/2 peaks of (a) 1 mol% (b) 2 mol% (c) 

5 mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C with Ti3+ present in all 

samples in this batch. 

Figure 5.18 (a-c) shows the Ti2p analysis of the monodoped samples prepared with the serial 

dilution method. The ratio of Sr3d5/2: Ti2p3/2 are 1:1.08, 1: 0.8 and 1:1.01 for the 0.1 mol%, 1 

mol% and 2 mol% doped samples. These samples also show the presence of Ti3+ defects with 

the 1 mol% having the least amount. The ratio is listed in Table 5.2.   
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Figure 5.18: Deconvoluted and charge-corrected Ti2p1/2 peaks of (a) 0.1 mol% (b) 1 mol% 

and (c) 2 mol% Cr doped SrTiO3 synthesized with the serial dilution series. 1 mol% SD samples 

exhibit the lowest Ti3+ in all the Cr (co-) doped samples prepared with different methods. 

Table 5.2: Ti2p peak position of the (co-) doped samples 

Samples Ti2p3/2 Ti2p1/2 Ti3+ / (Ti3+ + Ti4+) 

SrTiO3, 800 °C 458.25 eV 

 

464.19 eV 0.27 

SrTiO3, 900 °C 458.24 eV 458.24 eV 0.30 

SrTi(0.999)Cr(0.001)O3, Serial 

Dilution 

458.08 eV 

 

463.94 eV 0.26 

SrTi(0.99)Cr(0.01)O3, Serial 

Dilution 

457.82 eV 

 

463.65 eV 0.12 

SrTi(0.98)Cr(0.02)O3, Serial 

Dilution 

457.84 eV 

 

463.64 eV 0.27 

SrTi(0.98)Cr(0.02)O3, 800 °C 458.34 eV 

 

464.16 eV 0.27 

SrTi(0.98)Cr(0.02)O3, 900 °C 458.08 eV 

 

463.94 eV 0.30 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

458.38 eV 464.04 eV 0.21 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

458.30 eV 464.02 eV 0.24 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

457.89 eV 463.89 eV 0.28 

Ti2p Scan
A

rb
it

ra
ry

 U
n

it
s

467 466 465 464 463 462 461 460

Binding Energy (eV)

Ti2p Scan

A
rb

it
ra

ry
 U

n
it

s

467 466 465 464 463 462 461 460

Binding Energy (eV)

Ti2p Scan

A
rb

it
ra

ry
 U

n
it

s

467 466 465 464 463 462 461 460

Binding Energy (eV)

(a) (b)

(c)



Chapter 6 
 

206 
 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

900 °C 

457.92 eV 463.63 eV 0.14 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

800 °C 

458.09 eV 463.80 eV 0.27 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

458.28 eV 463.99 eV 0.23 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

800 °C 

458.19 eV 463.89 eV 0.30 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

800 °C 

458.11 eV 463.84 eV 0.28 

 

In Ga3+ doped SrTiO3 (Chapters 3-4), Ti3+ suppression led to higher performances. For the Cr: 

SrTiO3 the performance of the samples is influenced by the presence of factors other than 

oxygen vacancies and Ti3+ which led to the activity observed. This can be observed from Table 

5.2 where even though the 1 mol% La3+ co-doped sample had a lesser Ti3+ than the undoped at 

900 °C, the PL intensity of undoped is higher. This shows that there are other non-radiative 

pathways affecting the doped materials. Most samples show lower Ti3+ ratios than the undoped 

and lower PL intensities. Cali, E.  et al. [21] reported that an equal amount of shift (0.15 eV) to 

lower binding energy in Sr3d and Ti2p might indicate the presence of oxygen vacancies. The 

Sr3d and Ti2p peaks of the 2 mol% Cr3+ doped (900 °C) sample show almost similar values 

(0.21-0.23 eV) of a shift to lower binding energies. This might indicate the presence of oxygen 

vacancies.  In Wang, D. et al. [18], raises the possibility of partial Cr3+ substitution in the A-

site with shifts to higher binding energies and at the B-site with shifts to higher binding 

energies. This can be further invested with the Cr2p peak. 

Cr2p  

From the XPS survey of the surface of 2 mol% Cr3+ doped and 1 mol%, 2 mol%, 5 mol%, and 

10 mol% La, Cr co-doped SrTiO3, the presence of Cr is evident as shown in Figures 5.19-5.23. 

The main peaks of the Cr can be identified as Cr2p3/2  and Cr2p1/2.  
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Figure 5.19:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of 2 mol% Cr3+ doped SrTiO3 (900 

°C). XPS reveals the presence of both Cr3+ (orange) at around 576 eV binding energy and Cr6+ 

(blue)at around 580 eV binding energy. 

 

Figure 5.20:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of 2 mol% Cr3+ doped SrTiO3 (800 

°C) with both Cr3+ (orange) and Cr6+ (blue). 
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In the 2 mol% Cr3+ monodoped samples at 900 °C and 800 °C Figures 5.19-5.20, the Cr2p 

multiplet can be deconvoluted into two doublet pairs. The La3+ co-doped samples are 

deconvoluted into two doublet pairs between 576 eV to 590 eV.  

 

Figure 5.21: XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of (a) 1 mol% (b) 2 mol% (c) 5 mol% 

and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C displaying both Cr3+ (orange)and 

Cr6+ (blue). The 2 mol% La co-doped show the highest suppression of the Cr6+ states in this 

batch. 

In Figures 5.19-5.22 alongside the Cr3+ the presence of Cr6+ can also be detected. Cr3+ is 

depicted in orange and Cr6+ in blue. Both 2 mol% Cr3+ and co-doped samples show the Cr6+ 

peaks around 577-579 eV and Cr3+ around 575-577 eV respectively [3],[4]. XPS confirms the 

oxidation states to be Cr3+ and Cr6+. 

(a) (b)

(c) (d)
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Figure 5.22:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of Cr3+ (orange) and Cr6+ (blue) 

(a) 1 mol% (b) 2 mol% (c) 5 mol% and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C. 

In this batch, the suppression of Cr6+ states is higher in the 5 mol% (co-) doped sample. 

Figure 5.23(a-c) shows the XPS analyzed Cr peak of the SD series samples. At nominal Cr  

mol% of 0.1 and 1, Cr6+ cannot be detected. This corresponds to the increasing yellow colour 

of these samples. With the increase in  mol% doping to 2, the red colour predominates. This 

denotes the increase in Cr6+ states which was detected in the multiplet splitting in the XPS data. 
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Figure 5.23:  XP spectrum of Cr2p1/2 and Cr2p3/2 of peaks of (a) 0.1 mol% (b) 1 mol% and (c) 

2 mol% Cr doped SrTiO3 of the SD series. Cr6+  states in this batch is prominent at higher 

mol% doping. The 0.1 and 1 mol% monodoped samples do not exhibit any Cr6+ states towards 

higher binding energies. 

The binding energies of the Cr peaks are listed in Table 5.3. Co-doping with La3+ was found to 

have suppressed the Cr6+ in the co-doped samples. Suppression of Cr6+ has also been reported 

with Ta, Cr co-doped SrTiO3[3] and Sb, Cr co-doped SrTiO3 [23]. A detailed discussion of the 

significance of Cr6+ and its subsequent suppression is provided in the next section. 

Table 5.3: Binding energies of Cr2p3/2 and Cr2p3/2 peaks 

Samples Cr3+ Cr6+ 

SrTi(0.999)Cr(0.001)O3, Serial Dilution 577.62 eV - 

SrTi(0.99)Cr(0.01)O3, Serial Dilution 576.97 eV - 

SrTi(0.98)Cr(0.02)O3, Serial Dilution 576.77 eV 579.68 eV 

SrTi(0.98)Cr(0.02)O3, 900 °C 576.62 eV 579.49 eV 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 577.07 eV 579.91 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 576.74 eV 579.53 eV 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 576.29 eV 578.87 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 900 °C 575.87 eV 577.16 eV 

SrTi(0.98)Cr(0.02)O3,  800 °C 577.03 eV 579.94 eV 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 800 °C 576.57 eV 579.47 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 576.74 eV 579.49 eV 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 800 °C 576.70 eV 579.46 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 800 °C 576.54 eV 579.09 eV 
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In Figure 5.21, the Cr2p3/2 and Cr2p1/2 peaks of 1 mol% and 2 mol% La, Cr co-doped sample 

show a peak shift to higher binding energies whereas the 5 mol% and 10 mol% La, Cr shift to 

lower binding energies. For the co-doped samples at 800 °C in Figure 5.22, the shift is towards 

the lower binding energies when compared to the monodoped sample. Following the trends of 

shifts to higher binding energies of Sr3d and Ti2p peaks, the case at 900 °C might be due to the 

dopant substituting partially the A-site. Shifts to lower binding energies might indicate the 

dopant incorporation at the B-site in the 800 °C samples. Similar observations can be made for 

the 1 mol% and 2 mol% Cr doped SrTiO3 samples of the SD series.  

Stoichiometric Ratio of Cr3+ Doped in the Synthesized Samples 

From the XPS Cr2p and Ti2p peaks, the ratio of the amount of Cr3+ doped in the samples was 

calculated and shown in Table 5.4. 

Table 5.4: Calculated Cr3+ doping from XPS for the synthesized samples 

Samples Cr3+ Ti4+ 

(Ti2p3/2) 

Ti4+ 

(Ti2p1/2) 

Cr3+/(Cr3+ 

+ Ti2p3/2 

+ Ti2p1/2) 

Cr3+ 

Doping 

% 

SrTi(0.999)Cr(0.001)O3, Serial 

Dilution 

0.47 10.93 4.90 0.03 2.9% 

SrTi(0.99)Cr(0.01)O3, Serial 

Dilution 

0.49 9.07 4.29 0.04 3.5% 

SrTi(0.98)Cr(0.02)O3, Serial 

Dilution 

0.58 9.71 4.83 0.04 3.8% 

SrTi(0.98)Cr(0.02)O3, 

900 °C 

0.61 11.56 6.48 0.03 3.3% 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 

900 °C 

0.61 9.97 6.34 0.04 3.6% 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

0.75 11.78 6.09 0.04 4.0% 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 

900 °C 

0.92 10.01 5.59 0.06 5.6% 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 

900 °C 

0.49 9.91 5.46 0.03 3.1% 

SrTi(0.98)Cr(0.02)O3, 

800 °C 

1.16 10.97 5.82 0.07 6.5% 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 

800 °C 

1.06 10.17 5.40 0.06 6.4% 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

1.08 11.22 5.93 0.06 5.9% 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 

800 °C 

1.07 9.80 5.04 0.07 6.7% 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 

800 °C 

0.92 9.82 4.95 0.06 5.9% 
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Suppression of Cr6+ with La3+ co-doping 

The Cr dopant exists in predominantly two states- Cr3+ and Cr6+. Cr6+ states act as trapping 

centres for the photoinduced electrons and lead to a decrease in photocatalytic or PEC 

performances [1], [22]. Cr3+ has a d3 configuration which can give off photo-induced electrons 

that can take part in the surface redox reactions. Whereas Cr6+ with its d0 configuration is unable 

to participate in the surface redox reactions due to its inability to give any electrons. Hence, the 

presence of Cr6+ is detrimental to the performance of the catalysts. Jing, J.  et al. [22] reported 

the use of hydrogen treatment to decrease the Cr6+ and increase the carrier concentrations. 

There is reported literature using Ta and Sb as A-site co-dopants to decrease the Cr6+ states [3], 

[23]. Amongst co-dopants, La3+ is reported to perform better at decreasing the Cr6+ states [1]. 

In the scope of this Ph.D., La3+ and Cs1+ were studied as a co-dopant. It was observed that with 

the introduction of La3+ co-dopant, the Cr6+ states were suppressed maximum at 2 mol% co-

doping. The ratios of Cr3+ and Cr6+ are listed in Table 5.5. 

Table 5.5: Amount of Cr6+ after La3+ co-doping 

Samples Cr3+ (Atomic 

%) 

Cr6+ (Atomic 

%) 

Cr6+/(Cr3+ + 

Cr6+) 

SrTi(0.98)Cr(0.02)O3, Serial Dilution 

(without co-doping) 

0.58 0.28 0.33 

SrTi(0.98)Cr(0.02)O3, 

900 °C 

0.61 0.61 1 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 900 

°C 

0.61 0.59 0.49 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 

°C 

0.75 0.51 0.40 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 900 

°C 

0.92 0.61 0.40 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 900 °C 0.49 0.41 0.46 

SrTi(0.98)Cr(0.02)O3, 800 °C 1.16 0.92 0.44 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 800 

°C 

1.06 0.82 0.44 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 

°C 

1.06 0.79 0.43 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 800 

°C 

1.07 0.62 0.37 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 800 °C 0.92 0.55 0.37 

 

It was observed that the Cr6+ states were suppressed the most in the 2 mol% and 5 mol% La3+ 

co-doped sample of the 900 °C batch. In the 800 °C, 5  mol% and 10  mol% of the co-doped 

batch showed the highest suppression. Ichihara, F. et al. [1] stated in their paper that the 
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appearance of the multiplet splitting of Cr2p signifies that most of the states are in Cr3+ states 

which is also observed with Cr samples in this study as shown in Figures 5.19-5.22. The 

suppression of the Cr6+ from 2 mol% to 10 mol% co-doped samples is evident in the colour of 

these samples as shown in Figure 5.1(a, b). These samples are yellow. In the other samples 

where the Cr6+ are dominant, the colour of these samples is red.  

O1s  

The O1s peaks for the samples were analysed and compared with the undoped in Figure 5.24. 

The deconvolution of all the samples showed secondary peaks at higher binding energies. In 

the case of the undoped sample, the main component of the O1s peak at 529.36 eV can be 

attributed to lattice oxygen. The spectrum show another component at a higher binding energy 

of 529.91 eV. This feature can be attributed to being a  C=O group. The feature at 531.26 eV 

can be attributed to a surface OH group. 

 

Figure 5.24:  XP spectrum of O1s peak with the main component at 529.36 eV at 900 °C with 

-C=O (blue) and -OH species (violet). 

The doped samples on the O1s peak deconvolution gave similar three peaks that were assigned 

to lattice O1s, C=O and OH (Figures 5.25- 5.29). The binding energies of the doped samples 

with respect to O1s are listed in Table 5.6. 

Table 5.6: Binding energies of O1s deconvoluted peaks 

Samples Lattice O1s -C=O -OH 

SrTi(0.999)Cr(0.001)O3, Serial 

Dilution 

529.12 eV 529.60 eV 531.05 eV 

SrTi(0.99)Cr(0.01)O3, Serial 

Dilution 

528.20 eV 

 

528.60 eV 

 

530.18 eV 
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SrTi(0.98)Cr(0.02)O3, Serial 

Dilution 

528.95 eV 

 

529.26 eV 

 

530.94 eV 

SrTi(0.98)Cr(0.02)O3, 

900 °C 

529.18 eV 529.73 eV 531.08 eV 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

529.30 eV 529.99 eV 531.71 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

529.43 eV 529.95 eV 530.94 eV 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

528.96 eV 529.45 eV 530.82 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

900 °C 

529.07 eV 529.34 eV 530.87 eV 

SrTi(0.98)Cr(0.02)O3, 

800 °C 

529.43 eV - 530.57 eV 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

800 °C 

529.12 eV 529.62 eV 531.07 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

529.38 eV 530.21 eV 531.39 eV 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

800 °C 

529.25 eV 529.77 eV 531.10 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

800 °C 

529.14 eV 529.66 eV 530.88 eV 

 

Figure 5.25:  XP spectrum of O1s (orange) of peaks of 2 mol% Cr3+ doped SrTiO3 at 900 °C 

and -C=O (blue) and -OH (violet) towards higher binding energies. 
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Figure 5.26:  XP spectrum of O1s (orange) of peaks of 2 mol% Cr3+ doped SrTiO3 at 800 °C 

 

 

 

Figure 5.27:  XPS O1s (orange) peak deconvolution of (a) 1 mol% (b) 2 mol% (c) 5 mol% (d) 

10 mol% La, 2 mol% Cr co-doped SrTiO3 at 900 °C with varying concentrations of -C=O 

(blue) and -OH (violet). 
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Figure 5.28:  XPS O1s peak (orange) deconvolution of (a) 1 mol% (b) 2 mol% (c) 5 mol%  (d) 

10 mol% La, 2 mol% Cr doped SrTiO3 at 800 °C with  

From Table 5.6, it can be observed that the trend in shifting of the binding energies is consistent 

with the Sr3d, Ti2p, and Cr2p as discussed in the previous sections. Here again, this trend can 

be speculated to be due to the site of incorporation of the dopants.  

From Figures 5.24-5.28, another crucial observation regarding the secondary peaks can be 

made. With the increase in La3+ co-doping, the amount of -OH increases for the 900 °C 

synthesized La3+ co-doped samples which are shown in Table 5.7. The 2  mol% La3+ co-doped 

sample at 800 °C has the lowest surface hydroxyl groups. Idriss, H. et al. [24] argues that the 

peak around 531.5 eV is due to the surface hydroxyls which is also acknowledged in the XPS 

analysis in the Ph.D. study. Idriss, H. et al. [24] reports that the formation of these groups could 

be due to exposure to the ambient. As highlighted in the previous chapters, oxygen vacancies 

acting as shallow donors can affect the n-type conductivity of the materials. Similar peaks were 

observed for the monodoped samples prepared with the serial dilution method as shown in 

Figure 5.29. 
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Figure 5.29:  XPS O1s peak (orange) deconvolution of (a) 0.1 mol% (b) 1 mol% and (c)2 

mol% Cr doped SrTiO3 prepared with the SD series with -C=O (blue) and -OH (violet) at 

higher binding energies. 

Table 5.7: -C=O and -OH concentrations comparison 

Sample -C=O Atomic % -OH Atomic % 

SrTiO3, 

900 °C 

8.78 5.99 

SrTi(0.98)Cr(0.02)O3, 

900 °C 

14.44 13.08 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 15.02 11.91 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 12.13 15.41 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 11.59 11.57 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

900 °C 

11.56 11.54 

SrTi(0.98)Cr(0.02)O3, 

800 °C 

8.00 14.14 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 800 °C 13.71 5.06 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 13.83 12.05 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 800 °C 7.97 17.48 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

800 °C 

9.77 14.50 

SrTi(0.999)Cr(0.001)O3, Serial Dilution 7.13 11.53 

SrTi(0.99)Cr(0.01)O3, Serial Dilution 7.63 8.94 

SrTi(0.98)Cr(0.02)O3, Serial Dilution 10.22 8.67 
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La3d 

From the XPS survey of the surface of the co-doped samples, the presence of Lanthanum is 

evident as shown in Figures 5.30-5.31. La3+ co-doping aimed to suppress the Cr6+ states which 

has been reported to be detrimental to photocatalysis. The Cr6+ suppression effect has been 

enlisted in Table 5.5. La3+ ion due to its similar size with Sr2+, is expected to be in the A site of 

SrTiO3.  

 

Figure 5.30:  XP spectrum of La3d3/2 and La3d5/2 peaks of 1 mol%, 2 mol%, 5 mol% and 10 

mol% La, 2 mol% Cr doped SrTiO3 at 800 °C.  
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Figure 5.31:  XP spectrum of La3d3/2 and La3d5/2 peaks of (a) 1 mol% (b) 2 mol% (c) 5 mol% 

and (d) 10 mol% La, 2 mol% Cr doped SrTiO3 at 900 °C. 

La3d shows two satellites at lower binding energies than the d5/2 and the d3/2 peaks at 829.65 

eV and 846.04 eV in the co-doped samples at both temperatures. These satellites are called 

shake-down satellites as they appear towards lower binding energies of the main peaks. These 

satellites result from the relaxation process when an electron fills a hole created by an ejected 

photoelectron. The binding energies of the La3d peaks of the co-doped samples are listed in 

Table 5.8. The shifts in binding energies follow similar trends as observed for Sr3d, Ti2p, Cr2p, 

and O1s.  

Table 5.8: Binding energies of the La3d peaks 

Samples La3d5/2 La3d3/2 La3d5/2 La3d3/2 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

834.32 eV 850.94 eV 838.49 eV 855.30 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

834.36 eV 850.96 eV 838.41 eV 855.04 eV 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

833.99 eV 850.63 eV 837.97 eV 854.67 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

900 °C 

834.05 eV 850.66 eV 838.00 eV 854.78 eV 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

800 °C 

833.96 eV 850.74 eV 838.12 eV 854.84 eV 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

834.33 eV 851.10 eV 838.35 eV 855.17 eV 

La3d Scan

A
rb

it
ra

ry
 U

n
it

s

860 855 850 845 840 835 830 825

Binding Energy (eV)

La3d Scan

A
rb

it
ra

ry
 U

n
it

s

860 855 850 845 840 835 830 825

Binding Energy (eV)

La3d Scan

A
rb

it
ra

ry
 U

n
it

s

860 855 850 845 840 835 830 825

Binding Energy (eV)

La3d Scan

A
rb

it
ra

ry
 U

n
it

s

860 855 850 845 840 835 830 825

Binding Energy (eV)

(a) (b)

(c) (d)



Chapter 6 
 

220 
 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

800 °C 

834.22 eV 850.82 eV 838.13 eV 854.88 eV 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

800 °C 

834.20 eV 850.80 eV 838.08 eV 854.80 eV 

 

The amount of La3+ co-doping to Sr2+ is calculated in Table 5.9.  

Table 5.9: Amount of La3+ co-doping with respect to Sr2+ 

Samples La3d5

/2 

La3d

5/2 

La3d

3/2 

La3d

3/2 

Sr3d

5/2 

Sr3d3

/2 

La3d/(L

a3d+Sr

3d) 

La3+ 

Doping 

% 

La(0.01)Sr(0.99)Ti(0.98)C

r(0.02)O3, 900 °C 

0.06 0.09 0.06 0.09 9.01 9.02 0.02 1.6 

La(0.02)Sr(0.98)Ti(0.98)C

r(0.02)O3, 900 °C 

0.16 0.17 0.16 0.16 11.87 11.86 0.03 2.7 

La(0.05)Sr(0.95)Ti(0.98)C

r(0.02)O3, 900 °C 

0.57 0.42 0.58 0.43 10.17 10.18 0.09 8.9 

La(0.1)Sr(0.9)Ti(0.98)Cr(0

.02)O3, 

900 °C 

1.35 0.87 1.38 0.89 9.25 9.26 0.19 19.5 

La(0.01)Sr(0.99)Ti(0.98)C

r(0.02)O3, 800 °C 

0.07 0.07 0.08 0.08 12.01 12.02 0.01 1.2 

La(0.02)Sr(0.98)Ti(0.98)C

r(0.02)O3, 800 °C 

0.20 0.20 0.16 0.17 10.36 10.37 0.03 3.4 

La(0.05)Sr(0.95)Ti(0.98)C

r(0.02)O3, 800 °C 

0.54 0.55 0.45 0.45 13.06 13.06 0.07 7.1 

La(0.1)Sr(0.9)Ti(0.98)Cr(0

.02)O3, 

800 °C 

1.16 1.18 1.00 1.01 10.97 10.98 0.17 16.5 

 

Note: The XPS analysis was conducted on the La3+ co-doped samples and the Cr monodoped 

SD series. La3+ series showed evidence of Cr6+ suppression. The dopant concentration was 

aimed to be controlled with the SD series samples. 

5.5.2 Site of Cr3+ doping: EPR Studies 

The site of Cr3+ doping in the A or B site is an important parameter that affects the activity of 

the photocatalysts [18], [25]. Wang, D. et al. [18] reported a higher photocatalytic H2 evolution 

with Cr3+ doped in the A-site against a barely seen activity when doped in the B-site. They 

reported that when doped in the A site, the valence state of Cr is only +3 whereas B site doping 

has both the detrimental +6 and +3 states.  In this report, they however also stated that when 

photogenerated electrons upon UV light irradiation, reduced the +6 states to +3 states and saw 

a highly enhanced performance. From the XPS analysis and absorption spectrum, the Cr2p 



Chapter 6 
 

221 
 

peak deconvolution showed the presence of both Cr3+ and Cr6+ in both the co-doped series. 

Hence, it can be speculated from the work of Wang, D.  et al. [18] that Cr has been doped in 

the B-site in the standard sol-gel samples. This speculation can also be made due to the 

similarity in the ionic size of Cr3+ and Ti4+. To maintain charge neutrality and suppress Cr6+ 

states, La3+ with similar ionic radii as Sr2+ is speculated to be in the A site.  

To further confirm the effect of oxidation states and the site of the dopants, EPR was done on 

the samples. The 2 mol% Cr samples annealed at 800 °C and 900 °C show Cr3+ signals. These 

signals consist of a weak 4-line signal from Cr (I = 3/2, 9.5% abundance) with a strong single-

line signal from the Cr isotopes with zero nuclear spin as shown in Figure 5.32. The samples 

showed no change under UV illumination. The g value at 1.9784 and the hyperfine splitting at 

46.8 MHz are consistent with literature with Cr in the B-site [26]–[30].  

 

Figure 5.32:  EPR spectrum of samples 2 mol% Cr-STO 800 °C (black) and 2 mol% Cr-STO 

900 °C (red), measured at 100 K with a microwave power of 50 µW and a field modulation 

amplitude of 0.025 mT. The plot shows only the central part of the measured spectrum, but the 

integration was carried out using the full magnetic field range at the edges of which the EPR 

intensity would go to zero. 

The monodoped samples in Figure 5.32 at different temperatures show however greater 

broadening than the reported literature. The 900 °C sample shows 1.75 times higher signal 

broadening (intensity) than the 800 °C sample indicating higher Cr3+ content in the higher 

temperature sample. To confirm this the 2 mol% Cr doped sample at 800 °C was compared 

with the simulation of the Cr signal as shown in Figure 5.33.  
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Figure 5.33:  Measurement (black) and simulation (red) of the Cr(III) signal in 2 mol% Cr-

STO 800 °C. The spectrum was simulated considering an isotropic Cr(III) (S = 3/2, I = 3/2 

(9.5% abun.), I = 0 (90.5% abun.), g = 1.9784, g-Strain = 0.001, A = 48.6 MHz, Lorentzian 

linewidth = 0.55 mT. The inclusion of zero-field splitting interaction did not improve the 

agreement with the experiment, and it was therefore neglected, making the simulation identical 

to that of the corresponding S = 1/2 ion. 

Extensive broadening of the Cr signal in SrTiO3 was reported by Lehuta, K.A  et al. [27] at 

higher temperatures upon reduction with NaBH4. This was attributed to the increased 

conversion of Cr6+ to Cr3+ leading to strong interactions between the paramagnetic ions. From 

the XPS, the concentration of the Cr3+ is higher than the intended level of doping in the standard 

sol-gel Pechini samples. This could lead to the observed signal broadening.  To check the 

possibility of higher Cr3+ leading to signal broadening, the monodoped serial dilution series 

were measured as shown in Figure 5.34 (a, b).  

 

Figure 5.34:  Raw (a) and normalised (b) EPR spectrum of Cr-STO samples prepared with the 

serial dilution method. 2 mol% Cr-STO 900 °C (red), 1 mol% Cr-STO 800 °C (green),  and 

0.1 mol% Cr-STO 800 °C (blue). The spectrum was measured at 100 K with a microwave 

power of 50 µW and a field modulation amplitude of 0.025 mT for 2 mol% Cr and 0.015 mT 

for 0.1 mol% Cr and 1 mol% Cr. 
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In Figure 5.34 (b), the 0.1 mol% and the 1 mol% Cr monodoped samples show signals 

consistent with the reported literature [26], [31]. The 2 mol% Cr doped sample made by the 

serial dilution series has 0.66 times lower Cr3+ signal intensity than the samples made via the 

standard sol-gel Pechini method. Asymmetric broadening has been reported in Cr-doped 

SrTiO3 samples with Ti3+with lower g values (1.92-1.97) [28], [32], [33]. This aligns with the 

presence of Ti3+  as was observed with the XPS.  

Co-doping 2 mol% Cr samples with Cs1+ led to narrower and weaker Cr3+ signals with 

increasing Cs content as shown in Figure 5.35 (a, b). Similar effects were seen for both the 

samples at 800 °C and 900 °C. The narrower and weaker signals of the Cs co-doped samples 

indicate the oxidation of Cr3+ to Cr6+ due to charge compensation when replacing Sr2+ by Cs1+ 

in the A-site.  

 

Figure 5.35:  Raw (a) and normalised (b) EPR spectrum of 2 mol% Cr-STO 800 °C (red), 1 

mol% Cs,2 mol% Cr-STO 800 °C (magenta), 2 mol% Cs,2 mol% Cr-STO 800 °C (blue) and 5 

mol% Cs,2 mol% Cr-STO 800 °C (green). The samples were measured at 100 K with a 

microwave power of 50 µW and a field modulation amplitude of 0.025 mT. The field 

modulation for sample 5 mol%Cs,2 mol% Cr-STO 800 °C was 0.01 mT. 

Co-doping a 2 mol% Cr sample with 1 mol% La3+, increases both the signal intensity and 

broadening as shown in Figure 5.36 (a-d). This aligns with the fact that La3+ in the A-site via 

charge compensation leads to the reduction of Cr6+ to Cr3+. However, with an increase in La3+ 

co-doping, the signal broadening is accompanied with a decrease in signal intensity.  
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Figure 5.36:  EPR spectrum of the sample sets annealed at 800 °C  (a) 900 °C  (b), consisting 

of 2 mol% Cr-SrTiO3 (red), 1 mol% La,2 mol% Cr-SrTiO3 (blue), 2 mol% La, 2 mol %Cr-

SrTiO3 (magenta), 5 mol% La,2 mol% Cr-SrTiO3 (purple) and 10 mol% La,2 mol% Cr-SrTiO3 

(yellow). The samples were measured at 100 K with a microwave power of 50 µW and a field 

modulation amplitude of 0.025 mT. (c, d) Normalization of panels a and b. 

The EPR studies show that Cr is in the B-site for all the samples with the g-value and the 

hyperfine splitting values consistent with the literature on Cr doped in the B-site of SrTiO3. 

Cr3+ shows strong interactions between the paramagnetic ions above 1 mol% doping, leading 

to the signal broadening. Co-doping with Cs1+ or higher than 1 mol% La3+ decreases the Cr3+ 

content.   

5.6 Opto-Electronic Analysis 

In this section, the opto-electronic behaviour of the materials is studied. The techniques 

discussed are the DRS for the bandgaps and absorption wavelengths, the XPS for the valence 

band, work function and band edge energy diagrams, and the TCSPC and the PL for the charge 

carrier dynamics. 

5.6.1 Diffuse Reflectance Spectroscopy (DRS) Analysis 

Transition metals with partially filled d-orbitals can introduce mid-gap states or electronic 

states in the band gap that can act as recombination centres[5],[34]. Moss, B. et al. [5] in their 

work on Rh doping reported the presence of both Rh4+ traps and Rh3+ as shown in Figure 

5.37(a). They reported the La3+ co-doping to fix Rh3+ which adds states above the VB leading 

to visible light absorption. Wang, D.  et al. [18] reported in their study the existence of both 
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Cr6+ and Cr3+ when the dopant is substituted in the B-site. They observed that the Cr6+ levels 

are added as shallow donors below the CB shown in Figure 5.37(b). In contrast, the Cr3+ is 

added above the O2p levels (VB). Diffuse reflectance spectroscopy measurements were carried 

out in a Shimadzu UV-vis Instrument using an integrating sphere to study whether such mid-

gap states exist in the samples. The direct and indirect band gaps were measured via the 

Kubelka-Munk function and the Tauc plots. The steps involving the Kubelka Munk function 

have been discussed in detail in Chapter 2. 

 

Figure 5.37:  (a) Suppression of Rh4+ states by La3+ co-doping which the Rh3+ states above 

the O2p level (VB) reproduced with permission from the work of Moss, B. et al. [5] (Copyright 

© 2021, The Author(s), under exclusive licence to Springer Nature Limited) (b) Shallow Cr6+ 

states below the CB and Cr3+ states above the VB upon site-specific Cr doping in SrTiO3  

reproduced with permission from Wang, D. et al. [18] (Copyright © 2006 American Chemical 

Society). 

 The indirect and direct bandgaps of the samples are compared and shown in Figures 5.38-5.39. 

The doped samples retaining the parent bandgap of SrTiO3 also demonstrated an increase in 

absorption in the visible light region up to > 800nm. The first indication of visible light 

absorption was observed from the colours of the doped materials. In Figure 5.38 (a-d), an 

absorption feature around 2 eV is prominent in the indirect band gaps of most co-doped 

samples. This feature is suppressed in the 2 mol% La3+ co-doped samples synthesized at 800 

°C and 900 °C (Figure 5.38 (b, c)). In the Cr monodoped serial dilution samples (Figure 

5.38(a)), it can be observed that this feature becomes more prominent with an increase in  mol% 

doping.  For scattering samples, the calculation of the band gaps is not straightforward due to 

the presence of the inter-band states [35]. For accurate measurements of the indirect bandgaps, 

background subtraction was applied while analysing the reflectance data. The values of indirect 

and direct bandgaps are listed in Table 5.10.  

(a) (b)
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Figure 5.38: Indirect band gaps of (a) Cr monodoped serial dilution SrTiO3 samples (b) La3+ 

co-doped 800 °C (c) La3+ co-doped 900 °C (d) Cs1+ co-doped 800 °C (e) Cs1+ co-doped 900 

°C. All the doped samples show midgap states. These states are suppressed to the maximum 

for both the 2 mol% La3+ (co-) doped samples. Cs co-doping did not show any suppression of 

these states. 

Both types of co-doping prepared at 900 °C and 800 °C showed a decrease in the parent SrTiO3 

band gaps as shown in Table 3. The direct band gaps did not show significant changes (Figure 

5.39).  In the Cr monodoped serial dilution samples, both the direct and indirect band gaps do 

not show significant changes. However, for strongly scattering samples, analysing the band 

(a)

(b) (c)

(d) (e)
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gaps from Tauc plots is not straightforward [5]. The Kubelka Munk function, F(R) was further 

analysed to understand the absorption dynamics of the doped samples as shown in Figures 

5.40-3.44. The undoped showed an absorption edge at 387 nm (UV region). The Kubelka Munk 

absorption demonstrates the extension into the visible light region > 400 nm in the case of the 

co-doped samples. The 5 mol% Cs+1 co-doped sample at 900 °C and 2 mol%  Cr (SD) 

monodoped samples show absorption < 400nm.  
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Figure 5.39:  Direct band gaps with midgap states of (a) Cr monodoped serial dilution SrTiO3 

samples  (b) La3+ co-doped 800 °C (c) La3+ co-doped 900 °C (d) Cs1+ co-doped 800 °C (e) 

Cs1+ co-doped 900 °C. The midgap state suppression are analogous to the indirect bandgaps.  

 

 

 

 

(a)

(b) (c)

(d) (e)
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Table 5.10: Indirect, Direct Band Gaps and Absorption Wavelengths of the parent SrTiO3 Edge 

% Doping SrTiO3 Edge 

Indirect Band 

Gaps (eV) 

SrTiO3 Edge 

Direct Band 

Gaps (eV) 

SrTiO3 

Edge 

Absorption 

Wavelength 

(nm) 

SrTiO3, 800 °C 3.17 3.29 387 

SrTi(0.999)Cr(0.001)O3, 800 °C (Serial 

Dilution) 

3.17 3.27 400.20 

SrTi(0.99)Cr(0.01)O3, 800 °C (Serial 

Dilution) 

3.18 3.29 398.80 

SrTi(0.98)Cr(0.02)O3, 800 °C (Serial 

Dilution) 

3.21 3.29 402.30 

SrTi(0.98)Cr(0.02)O3, 800 °C 2.96 3.21 419.32 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 800 °C 2.93 3.24 411.31 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 2.81 3.21 427.33 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 800 °C 2.31 3.21 442.34 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 800 °C 2.31 3.21 437.33 

SrTiO3, 900 °C 3.17 3.29 387 

SrTi(0.98)Cr(0.02)O3, 900 °C 2.91 3.23 416.31 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 2.88 3.17 444.05 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 2.69 3.28 411.22 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 2.18 3.16 442.68 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 900 °C 2.44 3.20 419.43 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 800 °C 2.99 3.37 407.30 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 3.05 3.34 411.31 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 800 °C 3.09 3.36 401.30 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 3.13 3.31 401.40 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 3.09 3.29 405.30 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 3.15 3.30 393.54 

 

Most of the doped samples show visible light absorption. Wang, D. et al. [18] reported the 

significance of site-specific Cr doping in SrTiO3 in photocatalytic performance. They reported 

two systems with Cr doped in the A-site (Sr2+) and the B-site (Ti4+). When Cr is doped in the 

B-site, it exists as both Cr6+ and Cr3+. Cr in the A-site evolves 100 times more H2 as compared 

to when in the B-site. In the case of the co-doped samples synthesised in this study, the presence 

of Cr6+ is evident. Therefore, it can be inferred that for the La3+ and Cs+1 co-doped and the 2 

mol% monodoped Cr: SrTiO3 synthesised via the sol-gel Pechini method, the site of doping is 

the B-site. For the Cr monodoped serial dilution series, the Cr6+ states increase with doping. 

This can be observed from Figure 5.44 (a-c). At 0.1 and 1 mol% Cr doping, no absorption 

features around 550 nm can be observed. This can also be physically observed when the colour 

of these samples’ changes from faint yellow to deeper yellow to red. This could signify the 
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increase in Cr6+ states. From this, it could be inferred that in the case of the 0.1 and 1 mol% Cr 

monodoped sample, the dopant could be in the A-site wholly or partially. The other samples in 

the serial dilution series show Cr6+ states in the absorption spectrum (Figures 5.40-5.44). 

Therefore, the dopants are substituted in the B-site of SrTiO3.  

 

 

Figure 5.40: Comparison of absorption wavelengths from the Kubelka Munk function of the 

La3+ co-doped samples synthesized at  800 °C with the undoped. These samples show the 

(a) (b)

(c) (d)

(e)
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extension of the absorption into the visible light region and tailing off at 750 nm. The 

absorption feature around 450 – 500 nm is highly suppressed for the 2 mol% co-doped sample. 

 

Figure 5.41: Comparison of absorption wavelength from the Kubelka Munk function of the 

La3+ co-doped samples synthesized at  900 °C with absorption in the doped samples extending 

beyond 800 nm in most cases. The 2 mol% co-doped sample tails off at 700 nm and shows the 

highest suppression of the absorption feature around 500 nm.  

(a) (b)

(c) (d)

(e)
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Figure 5.42: Comparison of absorption wavelength from the Kubelka Munk function of the 

Cs+1 samples synthesized at  800 °C with the increase in absorption beyond 800 nm with an 

increase in co-doping. No suppression of the absorption feature in any of the co-doped 

samples. 

 

Figure 5.43: Comparison of absorption wavelength from the Kubelka Munk function of the 

Cs+1 samples synthesized at  900 °C behaving similarly to the batch at 800 °C. 

(a) (b)

(c)

(a) (b)

(c)
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Figure 5.44: Comparison of absorption wavelength from the Kubelka Munk function of the (a) 

0.1 mol% (b) 1 mol% and (c) 2 mol% Cr monodoped serial dilution series synthesized at  800 

°C. The absorption into the visible light region and the absorption feature around 550 nm 

increase with doping. 

The doped samples though retained the SrTiO3 intrinsic absorption edges (Figures 5.40-5.44), 

they showed additional absorption band tails from 400 nm to 800 nm wavelengths of the visible 

light region in the case of most of the doped samples. The 2 mol% Cr3+ doped samples 

synthesized with the sol-gel Pechini method showed an absorption feature around 550 nm and 

the tail extended to 850 nm of the spectrum. All the doped samples exhibit some mid-gap states. 

The absorption feature at 550nm introduced with 2 mol% Cr3+ doping is completely suppressed 

with 2 mol% La3+ co-doping in both temperature cases in Figures 5.40 (c)-5.41 (c). In Ichihara, 

F. et al. [1] it has been reported that the absorption band edge from 400 nm to 600 nm 

corresponds to a charge transfer absorption of Cr3+ to Ti4+ and absorption between 600 nm to 

700 nm indicates a transition between 4A2g to 4t2g in octahedral Cr3+ units. Similar observations 

were made by Ischii, T.  et al. [3]. The absorption beyond the 700 nm region has been attributed 

to Cr6+ [3][1]. Absorption beyond 700nm is greatly suppressed in the 2 mol% La3+ co-doped 

samples. This indicates a suppression of the Cr6+ states as seen in Figures 5.40(c)-5.41(c). This 

result can be corroborated by the XPS Cr2p3/2 peak analysis which showed the decrease in in 

Cr6+ states upon La co-doping discussed in later sections. In most of the doped samples, the 

absorption intensity is higher as shown in Figures 5.40-5.44. This could be due to a higher 

number of occupied Cr3d t2g valence states available for electron-hole excitations [36]. 

Another important facet of this study is the colours of the doped samples as demonstrated by 

Figure 5.1. Jiang, D. et al. [2] reported the colour of the 2 mol% Cr3+ doped sample to be 

yellow.  At 2 mol%, the Cr monodoped serial dilution sample is red indicating higher Cr6+. 

(a) (b)

(c)
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However, the sol-gel synthesised monodoped samples in this study are red at both 

temperatures. The red colour of the sample might be from the extended absorption above 500 

nm wavelength resulting from the Cr6+ states which can be corroborated with the XPS results. 

Similarly, the 1 mol% La3+ co-doped samples are also red. The colours of the samples from 2 

mol% to 10 mol% La3+ are yellow. This could be speculated to be from suppression of the Cr6+ 

states and absorption of light in the 420 nm – 430 nm region which aligns with wavelengths. 

Łąnz, A.  et al.  speculated the similar red colour in their samples to be due to higher Cr6+ states 

[37]. The Cs+1 co-doped samples show a deepening of the violet colour as the mol% doping 

increased. This could be too related to the suppression of Cr6+ with doping and absorption of 

light beyond 570 nm in the visible region. 

Cr mono-doping and La-Cs co-doping have significant effects on the absorption dynamics of 

SrTiO3. The bandgap is an intrinsic material property that affects the overall performance of 

the photocatalyst. In this study, the bandgap along with other intrinsic parameters is studied in 

detail in the subsequent sections to measure the band edge energy diagrams to understand the 

activity of Cr-doped SrTiO3.  

5.6.2 Valence Band Analysis 

All the y-axes in Figures 5.43-5.48 have been measured in counts/sec from the XPS with 

arbitrary units (a.u.). 

The valence band analysis of the samples was performed alongside the XPS survey scan. In 

Cr-doped SrTiO3, the top of the valence band comprises the O2p, and the bottom of the 

conduction band consists of Ti3d [18]. The analysis of the undoped samples, the linear 

extrapolation fittings gave a valence band maximum and the Fermi level separation to be at 

2.68 eV (800 °C) and 2.21 eV (900 °C) at the intersection of the two fitted lines as shown in 

Figure 5.45. The EF-VBM at 900 °C is close to the reported value in the literature of 1.8 -1.9 ( 

± 0.2) eV [5],[36].  

 

Figure 5.45: VBM - Fermi level separation of undoped SrTiO3 at (a) 800 °C (2.68 eV) and (b) 

900 °C (2.21 eV). 

The VBM analysis of the monodoped samples synthesized via the sol-gel Pechini at 900 °C and 

800 °C gave a separation of 2.05 eV and 2.01 eV respectively as shown in Figure 5.46 (a, b). 
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For the Cr3+ monodoped samples, the EF-VBM separation decreases as compared to the 

undoped samples as shown in Figure 5.45 (a, b). The VBM edges of the batch doped at 800 °C 

shift towards 0 eV compared to the undoped as shown in Figure 5.47 (a-d), hence becoming 

more p-type 

For the 2 mol% and the 5 mol% La3+ co-doped samples (900 °C), the EF-VBM separation 

increases to 2.39 eV (Figure 5.48 (b, c)).  Whereas, for the 1 mol% and the 10 mol% La3+ co-

doped samples the EF-VBM separation to 1.98 eV and 1.95 eV respectively (Figure 5.48 (a, d)). 

An n-type nature is expected when the EF-VBM becomes larger and a p-type nature when it 

shifts towards 0 eV i.e. the EF.  

 

Figure 5.46:  VBM – EF separation decreases for the sol-gel Pechini synthesized 2 mol% Cr3+ 

doped SrTiO3 at (a) 800 °C (2.01 eV) (b) 900 °C (2.05 eV) as compared to the undoped samples. 
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Figure 5.47: VBM-Fermi level separation further decreases of (a) 1 mol% (1.78 eV) (b) 2 mol% 

(1.99 eV) (c) 5 mol% (1.91 eV) (d) 10 mol% (1.86 eV) La3+ co-doped SrTiO3 synthesized at 

800 °C compared to the 2 mol% Cr monodoped and the undoped samples. 
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Figure 5.48:  VBM-Fermi level separation of (a) 1 mol% (1.98 eV) (b) 2 mol% (2.39 eV) (c) 5 

mol% (2.39 eV) (d) 10 mol% (1.95 eV) La3+ co-doped SrTiO3 synthesized at 900 °C. The 1 

mol% and the 10 mol% decrease and the 2 mol% and the 5 mol% increase compared to the 2 

Cr monodoped samples. 

Both the standard sol-gel Pechini synthesized doped samples at 800 °C and 900 °C  show 

similarly shaped VB spectrum with shifts in positions (Figures 5.47 – 5.48). However, no 

additional features were observed in these batches. The SD batch however showed some 

additional features in the lower energy side of the VB spectrum.  The previous section discussed 

a possibility where Cr could have been substituted in the A-site. Comes, R. et al. [36] report 

that when Cr is substituted in the  A-site, an additional feature assigned to Cr3d t2g towards 

lower binding energy is observed in the valence band spectrum at the O2p edge shown in Figure 

5.49(a). They stated this feature became more prominent in higher doping regimes. Such a 

feature was observed in the 1 mol% Cr3+ doped SD series samples shown in Figure 5.49 (b). 

The Cr monodoped serial dilution series shows shifts towards 0 eV compared to the undoped 

at 800 °C as shown in Figure 5.49. The decrease in the VBM-EF happens systematically for 

these samples with an increase in mol% doping. 
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Figure 5.49:  (a) Appearance of Cr3d t2g states when Cr is doped at the A-site of SrTiO3 

reproduced with permission from the work of Comes, R. B. et al. [36] (Copyright © 2014, 

American Chemical Society) (b) 0.1 mol% and 1 mol% Cr3+ synthesized during the Ph.D. 

hinting the presence of Cr3d t2g states in the inset at the edge of the O2p of the VB spectrum. 

In the 1 mol% Cr3+ doped samples, the Cr3d t2g states are not very prominent. This could be 

either due to a low-energy flood gun used for the XPS experiments or low doping levels. The 

appearance of these states pinpoints the substitution either wholly or partially in the A-site. 

With the increase in doping for the SD series, the VBM-EF difference decreases compared to 

the undoped at 800 °C. The observation here is contradictory to the results with the EPR in 

Figure 5.34 where it indicates the substitution in the B-site. 
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Figure 5.50:  VBM-Fermi level separation decreases of (a) 0.1 mol% (b) 1 mol% (c) 2 mol% 

Cr doped SrTiO3 synthesized via the serial dilution method at 800 °C compared to the undoped 

samples. 

 The VBM position together with the work function are the intrinsic parameters required for the 

determination of the Band edge energy diagrams of the catalysts. The VBM-EF separation 

values are listed in Table 5.11. The measurement of work function is discussed in detail in the 

following section. 

5.6.3 Work Function 

The intensity of the y-axes in figures 5.50-5.54 was measured in counts/sec with arbitrary units 

(a.u.) from the XPS. 

The surface work function of the samples was investigated with the XPS. The doped samples 

were compared with the undoped SrTiO3. The work function of the undoped SrTiO3 at 900 °C 

and 800 °C was measured to be measured at 4.18 eV and 4.16 eV respectively on a kinetic 

energy scale as shown in Figure 5.51. The Cut-off Energy (Ecut-off) is the region in the graph 

which was linearly fitted. The samples were subjected to a bias/photon energy (hν) of 29.47 eV 

and Eq (2.23) as described in Chapter 2 was used to calculate the work function. 
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Figure 5.51: Work function of the undoped SrTiO3 synthesized at 900 °C at 4.18 (± 0.02) eV. 

In the case of the 800 °C and 900 °C annealed sol-gel Pechini monodoped batch, the 2 mol% 

Cr3+ doped sample, the work function shifts to higher kinetic energies as shown in Figure 5.52 

(a, b). The co-doped samples for the 800 °C showed only slight variations in work functions as 

shown in Figure 5.53 (a-d). For the  1 mol% and the 2 mol% La3+ co-doped samples at 900 °C, 

the work functions shift to higher kinetic energies to the undoped sample as shown in Figure 

5.54 (a, b). The work function shifts to lower kinetic energies for the 5 mol% and 10 mol% co-

doped samples as shown in Figure 5.54 (c, d). The Cr monodoped serial dilution batch shows 

an increase in work function for the 1 mol% and 2 mol% as shown in Figure 5.55 (b-c). The 

0.1 mol% monodoped sample works similarly to the undoped at 800 °C. 

 

Figure 5.52:  Work function of the 2 mol% Cr3+ doped sample synthesized at (a) 800 °C (4.34 

± 0.02 eV) and (b) 900 °C (4.42 ± 0.01 eV) increased compared to the undoped. 

(a) (b)
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Figure 5.53:  Work function of the (a) 1 mol% (4.26 ± 0.04 eV) (b) 2 mol% (4.29 ± 0.01 eV) 

(c) 5 mol% (4.27 ± 0.02 eV) (d) 10 mol% La3+ co-doped (4.34 ± 0.01 eV) samples synthesized 

at 800 °C decreases in most samples compared to the 2 mol% Cr monodoped sample at the 

same temperature. 

 

 

Figure 5.54: Work function of these samples decreases with (a) 1 mol% (4.19 ± 0.02 eV) (b) 2 

mol% (4.33 ± 0.02 eV) (c) 5 mol% (4.03 ± 0.02 eV) (d) 10 mol% La3+ (4.05 ± 0.04 eV) co-

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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doped samples synthesized at 900 °C compared to the 2 mol% Cr monodoped sample at 900 

°C.  

 

Figure 5.55:  Work function of the  (a) 0.1 mol% decreases (b) 1 mol% (c) 2 mol% Cr3+ doped 

samples synthesized at 800 °C with the serial dilution method increases compared to the 

undoped. 

In both types of doped samples, the work function changed when compared to the undoped. 

All the samples show one secondary cut-off edge. The work functions of the samples are listed 

in Table 5.11. The shapes of the work function spectrum also vary from the undoped to the 

doped samples. The sharp peak for the undoped sample in Figure 5.51 could indicate a clean 

surface with a homogenous work function distribution throughout the sample [38]. The doped 

samples (Figures 5.52-5.55) exhibit a more rounded spectrum which could be due to 

inhomogeneity in the work function distribution in the sample. These inhomogeneities could 

arise due to the localized states, surface defects or varying surface dipoles introduced upon Cr 

doping. The effect of surface dipoles on the work function has been discussed in Chapter 2. 

The work function of the samples was measured to study the position of the Fermi levels and 

how they might affect the photocatalytic performance of the samples. To further understand 

how the work function affects the overall behaviour of the samples, the Band edge energy 

diagrams were calculated and discussed in the following section.   

(a) (b)

(c)
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5.6.4 Band Edge Energy Diagrams  from the Work Function, the Band Gap, and the 

Valence Band Analysis 

The band edge energy diagrams of the samples were made from the band gap (Eg) 

measurements, work function (ϕ) and valence band analysis. From the alignment, the electron 

affinity (X), and the ionisation potential (IP) were calculated which are depicted in Table 5.11. 

All the values were calculated from the vacuum level. All band alignment diagrams of the 

doped samples were made with the indirect band gaps extrapolated from the shifts in the parent 

SrTiO3 absorption edge of the doped samples as shown in Figures 5.56-5.60.  

Table 5.11: Measurement of Work Function (ϕ), Ionisation Potential (IP), and VBM-EF 

Separation from the Band Edge Energy Diagrams in Figures 5.56 – 5.60   

Sample  ϕ (eV) IP (eV) VBM-EF (eV) 

SrTiO3, 800 °C 4.18 6.86 2.68 

 SrTi(0.999)Cr(0.001)O3, Serial 

Dilution 

4.15 6.16 2.01 

SrTi(0.99)Cr(0.01)O3, Serial 

Dilution 

4.33 6.30 1.97 

SrTi(0.98)Cr(0.02)O3, Serial 

Dilution 

4.31 6.21 1.90 

SrTi(0.98)Cr(0.02)O3, 800 °C 4.34 6.35 2.01 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

800 °C 

4.26 6.04 1.78 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

4.29 6.28 1.99 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

800 °C 

4.27 6.18 1.91 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 800 

°C 

4.34 6.20 1.86 

SrTiO3, 900 °C 4.18 6.39 2.21 

SrTi(0.98)Cr(0.02)O3, 900 °C 4.41 6.46 2.05 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

4.19 6.17 1.98 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

4.33 6.72 2.39 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

4.03 6.42 2.39 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 900 

°C 

4.05 6.00 1.95 

 

From Table 4, the position of CBMin and VBM were calculated, and the band edge energy 

diagrams were made. The EA and the IP increased for the 5  mol% and the 10  mol% La3+ co-

doped (800 °C) samples as compared to the undoped SrTiO3 at 800 °C. These parameters 
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decreased for the 1 mol% and 2 mol% co-doped samples. For the doped batch at 800 °C, the 2 

mol% Cr-doped sample showed the lowest EA and the 1 mol% La3+ co-doped sample showed 

the lowest IP. The EA and IP are the intrinsic parameters that influence the charge carrier 

mobility. This concept has been discussed in detail in Chapter 4. The EA below a certain limit 

will give rise to trap limited electron flow and the IP above a certain threshold will give rise to 

trap limited hole transport.  

 

Figure 5.56: Band edge energy diagrams of undoped SrTiO3 synthesized at (a) 800 °C (b) 900 

°C. 

 

Figure 5.57:  Band edge energy diagrams of 2 mol% Cr3+ doped SrTiO3 synthesized via sol-

gel Pechini at (a) 800 °C for 10 h (b) 900 °C for 6 h. 
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Figure 5.58:  Band edge energy diagrams of (a) 1 mol% La3+ (b) 2 mol% La3+ (c) 5 mol% 

La3+ (d) 10 mol% La3+ co-doped SrTiO3 synthesized at 800 °C (10 h). 

 

Figure 5.59:  Band edge energy diagrams  of (a) 1 mol% La3+ (b) 2 mol% La3+ (c) 5 mol% 

La3+ (d) 10 mol% La3+ co-doped SrTiO3 synthesized at 900 °C (6 h). 

 

Figure 5.60: Band edge energy diagrams  of (a) 0.1 mol% (b) 1 mol% (c) 2 mol% Cr3+ doped 

SrTiO3 synthesized via the serial dilution method at 800 °C (10 h). 
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From the 800 °C batch, the 5  mol% co-doped sample showed the highest n-type conductivity 

(Figure 5.58). In Figure 5.59 (c), for the 5 mol% co-doped (900 °C) sample, the Fermi level 

lies above the CBMin. This indicates that the 5 mol% co-doped sample will likely be a 

degenerate semiconductor. Repeat characterizations confirmed the observed degeneracy in this 

sample. Hence, the low TCSPC lifetime compared to the other samples (discussed in the 

subsequent section). All the doped samples exhibit a shift in band positions as seen in the above 

diagrams. From the band positions, it is apparent that the samples exhibit n-type conductivity 

though with varying degrees (Figures 5.56-5.60). The 2  mol% La3+:SrTiO3 shows the highest 

n-type conductivity in the 900 °C co-doped batch (Figure 5.59).  At 900 °C, the 2 mol% Cr3+ 

doped sample exhibits a lesser n-type nature than the co-doped samples. With the increase in 

La3+ co-doping, the Fermi level is pushed towards the CBMin.  Reunchan, P. et al. [39] in their 

DFT study on Cr-doped SrTiO3 concluded that a lower oxidation state of Cr is desirable for 

higher photocatalytic activity due to the absence of electron trapping centres near the CBMin. 

This happens when the shifting of the Fermi level towards the CBMin stabilizes the Cr at the Ti 

site. From Figures 5.56-5.60, Cr and La, Cr doped samples exhibit n-type conductivity. Under 

such conditions, the Cr at the Ti (i.e. CrTi
-) site acts as an acceptor with fully occupied t2g states 

above the VBM. These act as electron sources upon photo-excitation. In the 2  mol% Cr 

monodoped and the  1  mol% La3+ co-doped samples of both temperature batches, the Fermi 

level lies away from the CBMin as compared to the other doped samples. In these samples, the 

CrTi might be present as the neutral CrTi
0 state which causes the ti2g to split and be partially 

occupied. This might facilitate the formation of Cr6+ states [39]. Hence, the 2  mol% 

monodoped and 1  mol% La3+ co-doped samples are red.  For the serial dilution series (Figure 

5.60 (a-c)), the Fermi level shifts away from the CBMin with an increase in  mol% doping with 

the EF-CBMin of the 2 mol% sample being the highest. The colour of this sample (red) 

corresponds to the 2 mol% Cr and 1 mol% La3+ co-doped samples prepared via the sol-gel 

Pechini. The splitting and the partial occupation of the t2g facilitating the Cr6+ states can be 

inferred in the 2 mol% monodoped SD sample. The higher n-type conductivity in the other 

samples could be from the oxygen vacancies (VO) acting as electron donors. The presence of 

VO will be discussed in detail in the PL analysis section.  

5.6.5 Band Edge Alignment  for Water Redox Potential 

Band edge alignment is required to determine the photocatalytic activity. For the best 

photoelectrocatalytic water splitting, the band gap of the material should be straddling the water 

redox potential of 1.23V. The redox water potentials are at -4.5 eV for E(H+/H2) and -5.73 eV 

for E(O2/H2O) on the vacuum scale [5]. The band edge alignment for the water redox potentials 

was calculated as shown in Figure 5.60 with data from Figures 5.56-5.60. The Cr3+ and Cr6+ 

states were added to the alignment from the Kubelka Munk analysis in Figures 5.40-5.44.  
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Figure 5.61: Band Edge Alignment for Water Redox Potentials of (a) undoped and Cr3+-La3+ 

doped samples synthesized at 800 °C and 900 °C (b) Cr monodoped SrTiO3 prepared via the 

serial dilution method at 800 °C. 

On Cr doping, new states were introduced in the band gap as seen in Figure 5.61 (a, b). Cr3+ 

occupies a state around 2 eV below the CBMin [18], [19], [22]. In the Ph.D. study, in most of 

the Cr-La co-doped samples, the Cr3+ has occupied around 2  ± 0.14 eV below the CBMin 

consistent with the literature. Empty Cr6+ with d0 configuration are present above the Cr3+ in 

the band gap. These states behave as traps for electrons moving from Cr3+ to Ti4+. In the 2  

mol% La3+ co-doped samples, these trap states are suppressed. In the 1 mol% La3+ co-doped 

sample, the Cr3+ state is found higher than the trap state and therefore, could facilitate easier 

charge migration to CB.  All the doped samples exhibit bandgap reduction. For the serial 

(a)

(b)
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dilution samples in Figure 5.61(b), the 0.1 mol% and 1 mol% doped sample exhibit only Cr3+ 

states about 2  ± 0.18 eV below the CBMin. The 2 mol% doped sample shows the existence of 

the Cr6+ states above the Cr3+ within the bandgap of the material. The presence of Cr6+ (d0 

configuration) could act as a trap for the charge transfer from the Cr3+ level to the CB. 

The presence of trap states can be detrimental to the mobility of the charge carriers. To 

understand the charge carrier mobility and dynamics, TCSPC and the room temperature steady-

state PL spectroscopy were carried out. The findings of these characterization techniques are 

discussed in the following section. 

5.6.6 Time Co-related Single Photon Counting (TCSPC) 

Time-resolved PL spectroscopy via TCSPC is essential for measuring the recombination 

lifetimes of the samples. The weighted average lifetimes of the samples were measured from 

the exponential fitting via the TCSPC software Horiba DA.6 which are tabulated below in 

Table 5.12 and shown in Figures 5.62-5.63. 

Table 5.12: Average lifetime of the Cr (co-) doped samples 

Samples Ƭ1 (s) Ƭ2 (s) Ƭ3 (s) Average 

Lifetimes 

(ns) 

ᵡ2 

SrTiO3, 

800 °C 

1.92E-09 3.60E-08 7.52E-11 0.16 ± 

0.04 

1.31 

SrTi(0.999)Cr(0.001)O3, Serial 

Dilution 

5.50E-09 2.01E-10 2.49E-07 0.68 ± 

0.02 

1.66 

SrTi(0.99)Cr(0.01)O3, Serial 

Dilution 

5.48E-09 2.54E-07 1.98E-10 0.77 ± 

0.01 

1.77 

SrTi(0.98)Cr(0.02)O3, Serial 

Dilution 

1.59E-10 5.14E-09 2.31E-07 0.43 ± 

0.02 

1.45 

SrTi(0.98)Cr(0.02)O3, 

800 °C 

1.79E-09 8.37E-11 8.37E-11 0.16 ± 

0.03 

1.28 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 

800 °C 

1.43E-09 3.26E-08 1.11E-10 0.25 ± 

0.02 

1.35 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

1.74E-09 3.46E-08 8.60E-11 0.19 ± 

0.01 

1.38 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 

800 °C 

1.70E-09 3.31E-08 7.88E-11 0.15 ± 

0.03 

1.38 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 

800 °C 

1.58E-09 3.31E-08 9.56E-11 0.21 ± 

0.01 

1.34 

SrTiO3, 

900 °C 

1.94E-09 8.41E-11 3.54E-08 0.18 ± 

0.03 

1.32 

SrTi(0.98)Cr(0.02)O3, 

900 °C 

1.31E-09 3.19E-08 1.04E-10 0.24 ± 

0.01 

1.37 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

1.73E-09 3.22E-08 9.54E-11 0.19 ± 

0.01 

1.28 
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La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

1.85E-09 3.38E-08 8.93E-11 0.18 ± 

0.02 

1.42 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

7.99E-11 1.50E-09 3.19E-08 0.16 ± 

0.01 

1.39 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 

900 °C 

1.81E-09 3.39E-08 8.69E-11 0.18 ± 

0.01 

1.37 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

800 °C 

1.24E-09 1.04E-08 3.28E-11 0.05 ± 

0.08 

1.07 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

800 °C 

1.24E-09 4.25E-11 1.02E-08 0.06 ± 

0.10 

1.12 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

800 °C 

1.22E-09 1.06E-08 3.65E-11 0.06 ± 

0.12 

1.04 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 

900 °C 

7.90E-11 1.38E-09 2.13E-08 0.12 ± 

0.01 

1.16 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 

900 °C 

1.43E-09 8.02E-11 1.99E-08 0.11 ± 

0.01 

1.22 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 

900 °C 

8.34E-11 1.51E-09 2.19E-08 0.13 ± 

0.02 

1.22 

 

From Table 5.12 and Figure 5.62 (a-d), the 1 mol% La3+ co-doped sample synthesized at 800 

°C shows the highest lifetime at 0.25 ns in that series. The 2 mol% Cr3+ doped SrTiO3 

synthesized at 900 °C closely follows the 1 mol% co-doped sample at 0.24 ns. All the Cr 

monodoped samples synthesized via the serial dilution method show higher lifetimes compared 

to the undoped and co-doped samples as shown in Figure 5.63 (a-d). A longer lifetime generally 

indicates a better probability of charge migration to catalytically active regions before 

recombination occurs. This increases the efficiency of the photocatalyst. Hence, from this 

analysis, it could be speculated that the serial dilution series doped samples might better 

perform than the rest. All the Cs+1 co-doped samples exhibit lower lifetimes than the undoped 

as seen in Figure 5.63(c, d).  

From the TCSPC analysis, a contradictory result can be observed from that of the literature. As 

discussed above, the presence of Cr6+ suppresses photocatalytic performance. From Figure 

5.62(a) and (b), the 1 mol% La3+ at 800 °C and 2 mol% Cr3+ at 900 °C doped samples show 

higher lifetimes. The occurrence of  Cr6+ states in both samples is higher than in the other doped 

samples. 
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Figure 5.62:  Average Lifetimes of the doped samples (a) La3+, Cr3+ samples annealed at 800 

°C for 10 h (b) La3+, Cr3+ samples annealed at 900 °C for 6 h (c) Cs1+, Cr3+ samples annealed 

at 800 °C for 10 h (d) Cs1+, Cr3+ annealed at 900 °C for 6 h. Most of the co-doped samples did 

not show significant changes in lifetimes compared to the undoped samples. 

For the Cr-doped sample from the serial dilution series, the 0.1 mol% and 1 mol% samples 

have the highest lifetimes of all the samples as seen in Figure 5.63 (a, b). Neither of these 

samples demonstrates Cr6+. The 2 mol% doped sample (Figure 5.63 (c)) with lower lifetimes 

exhibits Cr6+ trap states which could obstruct the mobility of the charge carriers leading to 

faster recombinations. 

(a) (b)

(c) (d)
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Figure 5.63:  Average lifetimes of the  (a) 0.1 mol%  (b) 1 mol%  (c) 2 mol%  (d) 10 mol% 

monodoped serial dilution series. This batch showed a significant increase in the lifetimes of 

the doped samples with 1 mol% showing the longest. 

To facilitate the understanding of the recombination dynamics in the Cr monodoped and co-

doped samples, steady-state PL was performed at room temperature and is discussed in the 

following section. 

5.6.7 Room Temperature Steady State Photoluminescence Analysis (PL) 

PL analysis of the samples was carried out to understand the defects and the recombination 

dynamics of the samples. The PL was carried out with excitation at 282 nm (4.4 eV). The main 

emission spectrum of the doped samples consist of the parent SrTiO3 broad peak but with 

decreasing PL intensity.  The decrease in the PL intensity as shown in Figure 5.64 (a-f) indicates 

the suppression of radiative pathways and an increase in non-radiative recombinations. The 

non-radiative pathways could be from Cr6+ trap states or intrinsic SrTiO3 defects such as Ti3+ 

and oxygen vacancies. Between the Cr monodoped samples, the 900 °C synthesized sample 

shows a lower PL intensity (figure 5.64 (a)).  In the La3+ co-doped series,  1  mol% La3+ co-

doped samples show the lowest PL intensity in their respective temperature group (Figure 5.64 

(b, c)). In the Cs+1 co-doped series, the 2 mol% co-doped samples at 800 °C and 900 °C show 

a lower PL intensity (Figure 5.64 (d, e)). The PL intensity decreases linearly with increased  

mol% doping for the SD series samples (Figure 5.64(f)). In the previous chapters, the type of 

bandgap of the materials was determined from the PL. Here, the doped samples with higher 

(a) (b)

(c) (d)
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non-radiative recombination pathways demonstrate indirect bandgaps. The band edge energy 

diagrams of the doped samples were calculated considering an indirect bandgap. 

 

Figure 5.64:  Room temperature PL spectrum of (a) Cr monodoped samples synthesized with 

the sol-gel Pechini at 800 °C and 900 °C (b) La3+ co-doped at 800 °C  (c) La3+ co-doped at 

900 °C (d) Cs1+ co-doped at 800 °C (e) Cs1+ co-doped at 900 °C (f) Cr monodoped samples 

synthesized with the serial dilution method at 800 °C. All the (co-) doped samples (a-f) 

synthesized with the standard sol-gel Pechini showed lower PL intensity indicating higher non-

radiative recombination pathways.  

(a) (b)

(c) (d)

(e) (f)
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Deconvolution of the PL  spectrum of the undoped SrTiO3 exhibits the multiple peaks related 

to the oxygen vacancies as discussed in the previous chapters. The doped samples show clear 

bifurcation between peaks at 363 nm (3.43 eV) and 385 nm (3.22 eV). The other oxygen 

vacancy-related peaks are present at 424 nm (2.93 eV), 463 nm (2.68 eV), and 490 nm (2.53 

eV). The n-type conductivity from the band edge energy diagrams  (Figures 5.56-5.60) aligns 

with the presence of oxygen vacancies and can create localized states within the bandgap of 

the samples[40]. The PL peak around 385 nm in all the samples may indicate the phonon-

assisted transition between the valence to conduction band as near band edge emission (NBE). 

In the Ga3+ doped SrTiO3 samples (Chapters 3-4), the emission around 363 nm was speculated 

to be due to the eg states of Ti3+.  The presence of intrinsic defects such as the Ti3+ aligns with 

the increase in the non-radiative recombination pathways (or decrease in PL intensity). The 

chosen excitation wavelength for the samples gives information regarding the inherent defect 

levels of the parent SrTiO3.  

In Figure 5.61, the band edge alignment  show the impurity levels introduced in the band gap 

from extrapolation from the Kubelka Munk absorption diagrams (Figures 5.40-5.44). Cr6+ (d0 

configuration) added states ~ 1.6 eV ( ±0.1 eV) below the CBMin in the synthesized samples. 

The Cr3+ (d3 configuration) added states ~ 2 eV ( ±0.14 eV) or 1 eV ( ±0.15 eV) respectively 

above the VBM. As discussed previously, the 600 nm to 700 nm region in the absorption 

spectrum indicates a transition between 4A2g to 4t2g in octahedral Cr3+ units. Vibronic coupling 

allows the forbidden d-d transition by breaking the Laporte selection rules when the crystal 

field gets momentarily distorted by lattice vibrations. This could be why the transitions between 

4A2g to 4t2g in Cr3+ (600nm to 700nm absorption region) are observed. This transition allows 

weak absorption and PL spectrum.  

The weaker emission peak around 363nm in the PL spectrum could be due to shallow, eg states 

of Cr6+ from the octahedral splitting of the d-orbital. Due to their proximity to the CBMin, these 

states can facilitate the trapping of electrons and releasing them back to the CBMin. Therefore, 

these states could be inferred to be promoting the transport of electrons which led to the 

increase in performance towards OER in the PEC performances discussed in the next section. 

The presence of non-radiative recombination pathways observed with the decrease in PL 

intensity in the doped samples could also justify the presence of t2g states from defect states 

such as Ti3+. In this case, there is a possibility of overlap of t2g states from the Cr6+ and Ti3+ 

states. The PL defect energy level is shown in Figure 5.64.   
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Figure 5.65:  PL Defect Energy Level in Cr: SrTiO3. 

5.7 Performance Assessments 

In this section, the PEC measurements were studied to assess how the materials perform. The 

properties of the materials were determined from the characterization techniques and correlated 

to the PEC analysis. 

5.7.1 Photoelectrochemical Measurements  

Cr3+ doping can induce visible light absorption and increase the performance of the photo-

electrocatalysts. Cr6+ trap states which can be detrimental to photocatalysis are often formed 

along with the Cr3+ states. In the Cr samples synthesized in this Ph.D. work, there is ample 

evidence of the formation of these trap states.  PEC testing was done to understand how Cr 

with different oxidation states affects the performance. Linear sweep voltammetry tests were 

carried out in 1M KOH (pH= 13.6) with Ag/AgCl (Sat. KCl) as the reference electrode and the 

Pt wire as the counter electrode at a 0.02 V/s scan rate under chopped AM1.5G illumination. 

No UV filters were used and the backside (FTO) of the electrodes was illuminated. The samples 

were doctor-bladed on 2cm x 5cm  FTO glass as working electrodes. For the PEC, 10 samples 

from two batches i.e. La3+ and SD series were selected. From the La3+ co-doped series at each 

temperature, the 2 mol% Cr and 2 mol% La, Cr were selected as shown in Figure 5.66(a, b). 

These two samples provide suitable conditions that fulfil the objective of this study of oxidation 

state effects on equivalent mono- and co-doping effects. All the samples of the SD series were 

studied for the nominal doping effects as shown in Figure 5.67 (a, b).   

The photoresponse and the anodic current density show the effect of Cr6+ on the synthesized 

samples. Figure 5.66(a, b) shows the higher current density of the 2 mol% Cr doped SrTiO3 

towards OER. As discussed earlier, a higher concentration of Cr6+ (d0-configuration) can harm 
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the photocatalytic activity. In the 2 mol% Cr samples (800 °C and 900 °C) from Table 5.5, the 

ratio of Cr6+ is higher than the co-doped samples. From the absorption spectrum in Figures 

5.40(c) and 5.41(c), the 2 mol% La3+ co-doped samples showed the highest suppression of 

these states.  

 

Figure 5.66: (a) CV of Cr and La co-doped samples synthesized at 800 °C (b) CV of Cr and 

La co-doped samples synthesized at 900 °C. All the samples were illuminated with chopped 

AM1.5G light. In both cases, the 2 mol% showed higher anodic OER performance. The doped 

samples do not show significant photoresponse due to insufficient suppression of the Cr6+ and 

intrinsic defects.  

In both the temperature cases, the 2 mol% Cr showed higher performance in current density 

towards oxidation. The 2 mol% Cr sample at 800 °C also shows higher performance towards 

HER. The Cr monodoped samples have a higher Cr6+ ratio. These samples however show lower 

photoresponse. The Cr monodoped samples with nominal doping (SD series) were then tested 

to verify these findings and the results are shown in Figure 5.67 (a, b).  

 

Figure 5.67: (a) CV of Cr SD series synthesized at 800 °C (b) LSV of the samples. All the 

samples were illuminated with AM1.5G light and demonstrated higher anodic performance 

with an increase in doping the 1 mol% Cr monodoped SD sample (highest TCSPC lifetime, 

(a) (b)

(a) (b)
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Figure 5.62 (b)) showed the highest photoresponse due to the absence of Cr6+ states and 

maximum suppression of Ti3+ states. 

2 mol% Cr monodoped sample in the SD series shows higher current density than the 0.1 mol% 

and the 1 mol% doped sample (Figure 5.67(a, b)). From the XPS analysis, the 2 mol% doped 

sample shows a higher presence of Cr6+ as seen in Figure 5.23(c). This confirms that the 

presence of Cr6+ facilitated the performance of the samples. The photoresponse of the 1 mol% 

sample is the highest among all the samples. The calculated photocurrents of the undoped, 0.1 

mol%, 1 mol%, and 2 mol% Cr doped samples are 0.17, 0.14, 0.22, and 0.10 μA. The higher 

photoresponses of the 1 mol% sample can be due to the better charge carrier separation and 

mobility as confirmed by the TCSPC lifetimes in Table 5.12. This SD sample showed the 

highest lifetime with 0.773 ns aligning with the higher photoresponse in this series. The 

lifetimes of the standard sol-gel Pechini samples are significantly lower. The inferior charge 

carrier separation and mobility in these samples could result in lower photoresponses. In the 

case of this Ph.D. study, the samples with Cr6+ showed lower photoresponses in both series. 

The 1 mol% SD series Cr monodoped sample also shows the lowest Ti3+ defect states as 

calculated in Table 5.2.  

The presence of Cr6+ states on one hand suppressed the light response and on the other resulted 

in higher anodic current density. The higher current density can be rationalized by three main 

characterization results discussed earlier. They are: 

1.) Increased electron mobility: The empty Cr6+ t2g as seen in Figure 5.60(b) below CBMin 

can act as shallow intermediate states. These states can facilitate the mobility of 

electrons to the conduction band. This theory aligns with the concept of either low EA 

or low IP or both (discussed in Chapter 3) facilitating the electrons to reach the 

conduction band. This can be rationalized in the SD series where lower EA and IP were 

observed as shown in Figure 5.60 (a-c). Lower EA and IP can easily detrap the electrons 

and transfer them to the conduction band. 

2.) Increase in visible light absorption: From the absorption spectrum discussed in Figures 

5.40-5.44, Cr mono and co-doping extend the light absorption to > 800 nm. This can 

lead to more efficient generation of charge carriers when illuminated with simulated 

solar irradiation. 

3.) Reduced recombination: As discussed Cr6+ introduces states very close above the CBMin. 

These can act as traps that can separate electrons and holes, thereby decreasing 

recombinations and increasing lifetimes.  

The higher anodic current of the samples aligns with their n-type conductivity as shown in 

Figures 5.55-5.59. Similar findings were also observed by Haryński, L. et al. [41] in their work 

on Cr thin film sputtered in TiO2 nanotubes as shown in Figure 5.68 (a, b). They reported that 

when illuminated with UV irradiation, the bare TiO2 showed better photoresponse which 

decreased with higher Cr loadings as shown in Figure 5.68 (a). They used a UV filter when 

measuring the catalysts under visible light. The photoresponse under visible light demonstrated 

higher performance by the Cr samples as seen in Figure 5.68 (b).  
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Figure 5.68:  Cr sputtered on TiO2 nanotubes (a) without UV filter and (b) with UV filter 

reproduced with permission from the work of Haryński, L. et al. [41] (Copyright © 2021 

Elsevier B.V). 

In the Cr-doped SrTiO3 samples, the 1 mol% of the SD series shows the highest photoresponse. 

This sample from the XPS analysis demonstrates no Cr6+ states, the least Ti3+ states, and the 

highest TCSPC lifetime. In both types of dopants i.e. in Ga3+ and Cr3+, intrinsic and extrinsic 

defects play a determining role in the performance. Ga3+ doping suppressed defect states such 

as the Ti3+ at most of the measured conditions. In the Cr-doped samples, even though the co-

doping method suppressed the Cr6+ states with La3+ and at 2 mol%, this was not enough to 

increase the photoresponse. Even though at 0.1 mol% and 1 mol% of the SD series no Cr6+ was 

detected, only 1 mol% showed higher suppression of intrinsic SrTiO3 defects such as the Ti3+. 

Therefore, it can be inferred that even though Cr6+ states are suppressed, it is equally possible 

to suppress Ti3+ states for better photoresponse. The presence of Cr6+ can be inferred from the 

higher current density to make these samples better electro-catalysts. 

5.8 Conclusion 

In this work, Cr (co-) doped samples were synthesized investigating two dopant incorporation 

routes and their potential to be photocatalysts were studied. The 1 mol% Cr monodoped sample 

prepared via serial dilution showed the highest photoresponse from the PEC measurements. 

The inferences that can be drawn from this study are as follows: 

1.)  For incorporation of dopants at lower concentrations, the serial dilution method (800 

°C) can be deemed more efficient as the standard method leads to excess Cr3+ which 

can result in strong paramagnetic interactions as confirmed by the EPR. Even though 

reported literature confirms that Cr3+ is beneficial for Photoelectrocatalysis/ 

photocatalysis, this study confirms that the optimal value of performance is for nominal 

mol% doping levels (≤ 1 mol%). This is supported by the highest photoresponse as 

observed in the 1 mol% Cr-doped samples prepared with the SD method. 

2.) Cr6+ due to their d0 configurations can act as trap states hindering the performances. For 

the samples in this study, it was observed that the effect of these trap states was twofold. 

On one hand, they suppressed the photoresponse and on the other, they increased the 

(a) (b)
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current density towards the OER. Therefore, Cr6+ can enhance the ability of the samples 

as electrocatalysts.  

3.) Suppression of intrinsic SrTiO3 defects such as the Ti3+ should also be considered when 

synthesizing Cr-doped SrTiO3. These can act as recombination centers for the charge 

carriers which can decrease the performance. The 1 mol% Cr doped sample with the 

highest photoresponse was prepared via serial dilution and exhibited the lowest Ti3+ 

trap states. 

4.) The effect of two co-dopants on the oxidation states of Cr-doped SrTiO3 was studied. 

Even though the 2 mol% La3+ co-doped samples were the only samples that showed 

higher suppression of the Cr6+ states compared to the Cs1+ or other La3+ co-doped 

samples, the photoresponse did not however show a significant increase.  

5.) From the band edge energy diagrams, the standard sol-gel samples show n-type nature 

for both the monodoped and co-doped samples. Hence, these samples can be 

represented with the formulae, SrTi(1-x)CrxO3-y and La(1-a)Sr(a)Ti(1-x)GaxO3-y where a 

and x represent the mol% co-dopant and the mono-dopant respectively. For the SD 

series, the n-type nature decreased with an increase in mol% mono-doping. 
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Appendix 

Table 5.1A: Average crystallite sizes, Microstrain, and Lattice Volumes 

% Doping Average Crystallite 

Size (nm) 

Microstrain Cell Volume (Å3) 

SrTiO3, 800 °C 32.41 ± 1.19 1.11E-04  ± 

1.87E-05 

59.3167 ±0.05 

SrTi(0.999)Cr(0.001)O3, 800 °C (Serial 

Dilution) 

15.57 ±1.55 1.37E-04 ± 

1.49E-05 

59.4359 ±0.06 

SrTi(0.99)Cr(0.01)O3, 800 °C (Serial 

Dilution) 

29.97 ±0.50 2.21E-04 ± 

5.032E-05 

59.5199 ± 0.08 

SrTi(0.98)Cr(0.02)O3, 800 °C (Serial 

Dilution) 

28.10 ±0.78 1.59E-04 ± 

2.79E-05 

59.5410 ± 0.07 

SrTi(0.98)Cr(0.02)O3, 800 °C 33.05 ±0.66 2.78E-03 ± 

6.57E-05 

59.4089 ± 0.07 

La(0.01)Sr(0.99)Ti(0.99)Cr(0.02)O3, 800 °C 32.92 ±0.99 1.66E-03  ± 

3.96E-04 

59.2944 ± 0.01 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 27.55 ±1.13 8.99E-04 ± 

1.34E-04 

59.2962  ± 0.01 

La(0.05)Sr(0.95)Ti(0.95)Cr(0.02)O3, 800 °C 22.22 ±0.89 1.12E-03 ± 

2.91E-04 

59.4510 ± 0.01 

La(0.1)Sr(0.9)Ti(0.95)Cr(0.02)O3, 800 °C 21.36 ±1.31 1.27E-03 ± 

3.06E-04 

59.2187 ± 0.03 

SrTiO3, 900 °C 47.51 ± 0.83 1.22E-03 ± 

7.03E-04 

59.5045 ± 0.05 

SrTi(0.98)Cr(0.02)O3, 900 °C 30.26 ±1.35 1.57E-03 ± 

3.52E-04 

59.3473 ±0.04 

La(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 41.34 ±0.98 1.18E-03 ± 

1.80E-04 

59.5136 ± 0.01 

La(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 35.23 ±0.53 1.23E-03 ± 

1.25E-04 

59.3181 ± 0.05 

La(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 28.00 ±0.32 1.26E-03 ± 

1.17E-04 

59.2702 ± 0.03 

La(0.1)Sr(0.9)Ti(0.98)Cr(0.02)O3, 900 °C 16.83 ±0.97 1.47E-03 ± 

9.72E-05 

59.1886 ± 0.01 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 800 °C 27.79 ±1.00 

 

1.11E-03 ± 

9.96E-05 

59.4099 ± 0.01 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 800 °C 22.43 ±1.13 9.87E-04 ± 

1.34E-04 

59.4003 ± 0.01 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 800 °C 28.54 ±1.65 1.75E-04 ± 

2.46E-05 

59.3802 ± 0.06 

Cs(0.01)Sr(0.99)Ti(0.98)Cr(0.02)O3, 900 °C 44.65 ±1.13 1.4E-04 ± 

1.33E-05 

59.4277 ± 0.01 

Cs(0.02)Sr(0.98)Ti(0.98)Cr(0.02)O3, 900 °C 27.56 ±1.25 1.75E-04  ± 

2.46E-05 

59.4688 ± 0.02 

Cs(0.05)Sr(0.95)Ti(0.98)Cr(0.02)O3, 900 °C 33.34 ±0.63 2.12E-04 ± 

6.32E-05 

59.5360 ± 0.06 
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Chapter 6: A New Method to Quantify Photocatalysis Data and the Effect of an 

Intermediate N2 annealing Before Calcination on the Crystallite Sizes  

This work is an ongoing study with Ms. Baliana Shani, Steier Group, Oxford University who is 

currently working on the photocatalytic measurements in a new setup in the Steier Laboratory. 

Summary 

Preliminary photocatalytic CO2 hydrogenation data shows an increase in CO generation with 

an increase in mol% Ga3+ doping. A new method to report photocatalysis data is discussed 

here. In this work, an intermediate N2 annealing step was introduced in the standard sol-gel 

Pechini route. It was observed that this step leads to lower crystallite sizes.  

6.1 Introduction 

Photocatalytic CO2 hydrogenation is an up-and-coming method to harvest solar energy to 

produce clean fuels [1]. SrTiO3 as discussed previously due to the high photochemical 

stabilities and suitable band positions is an ideal photocatalyst for such reactions. Doping 

aliovalent metal ions such as Ga3+ in SrTiO3 has been found to have a positive impact on the 

properties of the parent material as discussed in Chapters 3 and 4. The photocatalytic activity 

also depends on the synthesis route of these doped materials which affects the particle size and 

specific surface areas [2]. In this study, the sol-gel Pechini synthesis route of doped SrTiO3 has 

been found to control the particle size with a high specific surface area that aids surface 

catalysis. The core objective of this work is to study how the synthesis route and doping d10 

Ga3+ in the Ti4+ site of SrTiO3 affect specific surface areas. This study also focuses on a method 

to quantify photocatalysis data. 

Enhanced photocatalytic performance of Ga3+ doped SrTiO3 was observed with CO2 

hydrogenation to CO. Among different Ga mol% doping, 4% doped samples showed the 

highest activity. The doped samples were observed to be highly crystalline, and most particles 

were less than 25 nm in distribution. Three methods were employed to examine the crystallite 

sizes. The correlation of the crystallite sizes with the Scherrer equation, Williamson Hall 

Analysis, and TEM show a decreasing trend.  No contribution of the band gap to the 

performance of the catalysts was observed. In this study, we conclude that the enhanced 

photocatalytic performance was due to the decreasing crystallite size, decreasing Ti3+ defects, 

and subsequent increasing surface area.   

 

6.2 Experimental Method 

The sol-gel Pechini route was used for the synthesis of two batches of Ga3+ doped SrTiO3. The 

synthesis route is discussed in Chapter 2. The new optimized batch was annealed in N2 for 3 h 

at 350 °C at 5 °C/min heating rate at 10 sscm N2 flow which resulted in a charred material as 

shown in Figure 6.1.  
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Figure 6.1:  Finely ground charred material after N2 annealing at 350°C. 

These charred materials were then ground to fine powders. The ground mixture was then 

calcined at 900 °C for 3 h under 10 sscm of compressed air at a heating rate of 5 °C/min. The 

white flaky material obtained is further ground to get fine powders. The standard sol-gel 

Pechini Ga3+ doped samples were resynthesized for this work and are different than those 

studied in Chapter 3. The La3+, Ga3+ co-doped samples are the same as those discussed in 

Chapter 3.  

6.3 Results and Discussion  

6.3.1 Preliminary Photocatalytic CO2 Hydrogenation Results 

The XRD pattern shows that all the synthesized Ga3+ monodoped samples were phase pure as 

shown in Figure 6.2(a). The Scherrer equation (Chapter 2, Eq 2.5) showed that the crystallite 

sizes decreased with an increase in mol% doping. Similar observations were made in the case 

of the La3+ co-doped samples as discussed in Chapter 3 Table 3.2. The optical absorption of the 

monodoped samples did not change and was limited to the UV region as the undoped (Figure 

6.3 (b)). 
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Figure 6.2:  (a) Phase pure XRD pattern of Ga3+ monodoped samples compared to the ICSD 

standard SrTiO3 (pink). The XRD parameters used for the pattern are described in Table 2.2 

in Chapter 2. (b) The Kubelka Munk spectrum of the doped samples shows absorption in the 

UV region similar to the undoped sample. (c) Decrease in Ti3+ defects with increase in mol% 

doping which is consistent with the findings in Chapters 3 and 4. 

The La3+ (2 and 4 mol%) co-doped samples show absorption features around the 515 nm region 

and show an extended absorption into the NIR region as shown in Figures 3.24 (a-d) in Chapter 

3. Since no such features were observed for the monodoped samples, one of the major 

variations was in the decreasing crystallite sizes, and for the co-doped samples, both optical 

and crystallite size changes were observed. The decrease in  Ti3+ defects as observed with the 

XPS in Figure 6.2 (c)  is also consistent with the findings in Chapters 3 and 4.  

A decrease in crystallite sizes leads to an increase in the specific surface area. This correlation 

was further verified with the BET and the analysis of the N2 and CO2 isotherms as shown in 

Figure 6.3 (a) and (b). The monodoped samples show a gradual increase in adsorption of both 

N2 (Figure 6.3 (a)) and CO2 (Figure 6.3 (b)) compared to the undoped. The co-doped samples 

in both cases show lower adsorption than the undoped samples. The BET surface areas and the 

crystallite sizes are listed in Table 6.1. 

(a) (b)

(c)
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Figure 6.3: (a) N2 physisorption curves collected at -195.85 °C for the samples. They are all 

mesoporous with type IV isotherm with an H1 hysteresis loop (multilayer adsorption and 

capillary condensation of the nitrogen in the mesopores) according to IUPAC[3]. Pore sizes 

are in the range between 20 and 37 nm. The BET data obtained aligns with the surface area of 

SrTiO3 between 8 and 13 m2/g as reported in literature. (b) CO2 adsorption isotherms of all 

samples collected at 25 °C. 

Table 6.1: The crystallite sizes and the BET surface areas from the N2 and the CO2 

physisorption measurements 

Samples 

Crystallite 

Size 

(Scherrer 

equation) 

N2 BET area of all 

samples (m2/g) (value ± 

2) 

CO2 surface area of all 

samples with BET 

method (m2/g) (value ± 

2) 

Commercial SrTiO3 33 - - 

SrTiO3 67 9 2 

SrTi0.98Ga0.02O3 55 12 3 

SrTi0.96Ga0.04O3 42 18 6 

SrTi0.90Ga0.10O3 27 23 7 

Sr 0.98La 0.02Ti 0.98Ga 

0.02O3 
37.50 6 

2 

Sr 0.96La 0.04Ti 0.96Ga 

0.0O3 

 

26.52 8 

3 
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Figure 6.4: Preliminary CO evolution from photocatalytic CO2 hydrogenation over Ga3+ and 

La3+, Ga3+ co-doped SrTiO3 samples expressed in micromoles normalized per surface area 

obtained with the BET N2 physisorption. The photocatalytic setup and sample preparation have 

been discussed in Chapter 2. 

As discussed earlier in the thesis, the specific surface area can be an important determinant of 

photocatalytic activity. A higher specific surface provides more active sites for the redox 

reactions to take place. Therefore, with the established decrease in crystallite sizes and the 

increase in the BET-specific surface areas with the Ga3+ mono-doping, we wanted to account 

for the surface area in photocatalysis. In this work, we report a novel technique to quantify 

photocatalysis data in terms of the micromoles of CO evolved per BET N2-surface area exposed 

normalized per gram loaded vs mol% doping assuming that the entire area exposed is active in 

photocatalysis. Preliminary photocatalysis results in Figure 6.4 show that when normalizing 

per active BET surface area, the Ga3+-doped samples showed comparable activity towards CO 

production with the undoped. For the La3+ co-doped samples on the other hand, where the 

absorption features in the visible region and exsolutions were observed, the activity normalized 

by the surface area showed an enhancement in CO evolution. For the data analysis, the rate of 

CO evolution expressed as μmols g-1 h-1 was calculated from the slopes after linear fitting of 

the trends in the graph as shown in Figure 6.5. This was normalized by the BET N2 

physisorption surface area (m2/g). Here we want to emphasize the surface-specific activity of 

the photocatalysts which is shown in Figure 6.4. A second slope was observed after 6-7 h of 

activity, as shown in Figures 6.4 and 6.5. Preliminary analysis suggests being due to catalyst 

poisoning with CO. However, this is still ongoing research and the exact reason for this 

behavior is yet to be found. The slopes and the samples' N2 BET surface areas are recorded in 

Table 6.2. 
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Figure 6.5: The CO evolved after photocatalytic reaction expressed as micromoles per gram 

of catalyst as a function of time for all samples. The synthesized SrTiO3 has an evolution that 

differs from all the other samples. Therefore, the origin of this behavior is being studied 

separately and has not been analyzed further. Figure 6.4 compares the doped samples with the 

commercial SrTiO3. 

Table 6.2: The µmoles/m2/h for each fitted sample, the amount of catalyst (mg) loaded, and 

the N2 BET-specific surface areas used for the experiments. 

Samples 

µmols/m2/h fit of 

first 6-7 h 

(±0.005) a 

µmols/m2/h fit of 

the second slope 

(±0.005) a 

mg 

loaded ( 

±0.01)b 

N2-BET 

surface 

area m2/g 

(±2)c 

Commercial SrTiO3 0.100 0.060 1.35  

 

21 
Commercial SrTiO3 0.041 0.028 1.35 

Commercial SrTiO3 0.041 0.031 2.43 

Commercial SrTiO3 0.042 0.036 2.43 

SrTiO3 (900 °C annealed) 0.560 0.110 1.19 8 

SrTiO3 (900 °C annealed) 0.890 0.130 1.42 8 
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SrTi0.90Ga0.10O3 (900 °C annealed) 0.078 0.041 1.59 22 

SrTi0.90Ga0.10O3 0.055 0.032 2.51 32 

SrTi0.96Ga0.04O3 (900 °C annealed) 0.061 0.038 1.63  

17 
SrTi0.96Ga0.04O3 (900 °C annealed) 0.070 - 1.38 

SrTi0.96Ga0.04O3 (900 °C annealed) 0.059 0.059 1.78 

SrTi0.98Ga0.02O3 (900 °C annealed) 0.063 0.047 1.6 11 

SrTi0.98Ga0.02O3 (900 °C annealed) 0.052 - 1.71 11 

SrTi0.98Ga0.02O3 (900 °C annealed) 0.048 - 2.34 11 

Sr 0.98La 0.02Ti 0.98Ga 0.02O3  (900 °C 

annealed) 
0.130 

0.064 2.47 6 

Sr 0.98La 0.02Ti 0.98Ga 0.02O3 (900 °C 

annealed) 
0.180 

0.059 1.40 6 

Sr 0.96La 0.04Ti 0.96Ga 0.0O3 (900 °C 

annealed) 
0.160 

0.110 and 0.066 (3 

slopes) 

1.49 8 

Sr 0.96La 0.04Ti 0.96Ga 0.0O3 (900 °C 

annealed) 
0.170 

- 1.6 8 

a The error refers to the fit reported from Origin 
b The error refers to the accuracy of the balance 
c The error is estimated as an average deviation between two measurements 

The results obtained so far will be confirmed after multiple repeats and testing in a new 

photocatalytic system. The current setup with the McCulloch group (setup discussed in Chapter 

2) allows for the manually controlled ratios of CO2 and H2 gases which can increase errors due 

to inaccuracies in the mass flow controllers, and the measurements. Therefore, to rectify these 

errors, Baliana Shani (Steier Group) is designing/working on a more advanced photocatalytic 

setup as part of her Ph.D. where these samples will be remeasured. Preliminary results show a 

novel method to quantify photocatalysis data per normalized N2 BET surface areas in inorganic 

photocatalyst materials such as SrTiO3. Most literatures so far report the data in terms of moles 

of product generated per gram of catalyst per hour [4]–[6]. Morruzzi, F. et al. [7] in their work 

on gas-phase CO2 photoreduction studies on solution-processable polymers have reported their 

CO data normalized to BET surface area (μmols/m2/h) which remains one of the few studies 

to do so. Robatjazi, H. et al. [8] has reported their photocatalytic CO evolution as a function of 

visible light intensity under ambient conditions.  

So far smaller crystallite size leading to higher specific surface areas has been established to 

facilitate higher photocatalysis rates. Therefore, as a motivation for further study, the synthesis 

method was optimized with an additional N2 annealing step at 350 °C to see the effect on the 

particle sizes. From the XRD data of the samples (with N2 annealing), all the doped samples 

were phase pure except the undoped as shown in Figure 6.6  with all peaks compared with the 

data in SrTiO3 ICSD file 23076 [9]–[11].  
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Figure 6.6:  XRD pattern of samples with N2 annealing intermediate step in the synthesis 

process compared to the ICSD reference SrTiO3 pattern (pink) [9]-[11]. The XRD conditions 

used are discussed in Chapter 2 in Table 2.2. The * indicates the presence of secondary phases 

in the undoped sample. 

The microstructural parameters such as the crystallite sizes, the lattice parameters, and the cell 

volume were calculated as discussed in the previous chapters and are shown in Table 6.3. 

Table 6.3: Average crystallite sizes, and Lattice Parameters of the synthesized samples with 

N2 annealing  

Sr 

No 

% Doping Average 

Crystallite Size 

from Scherrer 

equation (nm) 

Average 

Crystallite Size 

from W-H 

Analysis (nm) 

Lattice 

Parameter 

(Å) 

Unit Cell 

Volume 

(Å3) 

1 Commercial 

SrTiO3* 

24.71 ± 3.27 

 

33.21 ± 2.00 

 

3.8811 ± 

0.002 

58.4604 ± 

0.09 

2 0.5 mol% Ga 21.75 ± 1.50 29.65 ± 1.78 3.8782 ± 

0.002 

58.3289 ± 

0.09 

3 1 mol% Ga 16.36 ± 2.00  29.14 ± 1.50 3.8816 ± 

0.001 

58.4809 ± 

0.05 

4 4 mol% Ga 15.11 ± 2.00 25.36 ± 1.50 3.8840 ± 

0.002 

58.5931 ± 

0.09 

 

* Since the Undoped of the N2 annealed batch is impure, therefore comparison with commercial 

SrTiO3 is being done 

Both batches of Ga3+ doped samples in Tables 6.1 and 6.3 show differences in crystallite sizes. 

The N2 annealed batch is observed to be smaller than the batch without N2 in Table 6.1. This 

could be because N2 annealing completes the drying of the polyesterized which makes the resin 

easy to finely grind.  The crystallite sizes with the W-H analysis in Table 6.3 are larger than 

those with the Scherrer equation. This discrepancy might arise from the irregular arrangement 
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of data due to the elastic anisotropy in each plane [12]. To eradicate this issue, there is a 

simplified modified version of the W-H analysis. The modified W-H analysis is built on the 

work of Thomas Ungar where they proposed a modification of the original method to take into 

account the dislocation arrangement and dislocation density [13].To correlate the sizes obtained 

from the XRD, TEM analysis on the N2 annealed batch as shown in Figure 6.7 (a, b).  Most 

particles were observed to be less than 25 nm in distribution. The EDX pattern shows Ga3+ 

incorporation, the crystalline nature of the materials with the diffraction pattern, and the 

correlation of the lattice planes with the XRD is shown in Appendix Figure 6.2A and Table 

6.1A.  

 

Figure 6.7: TEM (a) Nanoparticle cluster (b) Size distribution of 4 mol% Ga3+ doped SrTiO3 

with N2 annealing indicating most particles below 25 nm. 

TEM analysis was done on the N2 annealed batch and correlation was made with the Scherrer 

and W-H analysis as shown in Figure 6.8. Even though there are discrepancies in the sizes, all 

the size comparison methods point towards a decreasing trend. With W-H analysis and Scherrer 

methods, an attempt to study the bulk of the nanoparticles was made. With the TEM, it was 

more of a localized observation. 

(b)(a)
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Figure 6.8:  Size comparison of particles with XRD (Scherrer equation and W-H analysis) and 

the TEM. These methods point towards a common trend of decreasing crystallite sizes with an 

increase in mol% Ga3+ doping. 

The XPS analysis was done for these samples to confirm the elemental ratios and the oxidation 

states. The Sr3d, Ga2p, and O1s are shown in Appendix Figures 6.3A-6.7A. Here, the Ti2p 

peak is discussed due to the presence of Ti3+ defects and their effect on the performance of the 

materials. The Ti2p3/2 peaks for the samples were analyzed and compared with the undoped in 

Figure 6.9. The deconvolution of the peaks shows the presence of Ti3+ defects and some TiO2. 

In the undoped sample, the ratio of Ti3+: (Ti3 + Ti4+) is 0.13:1. In the N2 annealed batch, 1 mol% 

Ga showed the presence of Ti3+ defects with the ratio of Ti3+: (Ti3 + Ti4+) of 0.045:1. The 4 

mol% Ga doped samples did not show any defects. The main component of the XPS Ti2p3/2 

peak is at 458.32 eV which can be attributed to Ti4+. In Figure 6.10 (a, b), in the 1 mol% Ga3+ 

doped sample, the (Sr3d5/2): (Ti + Ga) ratio is 1:0.9 and in the 4 mol% Ga3+ doped sample, the 

(Sr3d5/2): (Ti + Ga) is 1:1.2. The Ti2p3/2 and Ti2p1/2 in 1 mol% Ga3+ doped sample of the N2 

annealed batch show shifts to higher and the 4 mol% to lower binding energies compared to 

undoped samples as shown in Figure 6.10.  However, they remain within the error. 
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Figure 6.9:  XPS Ti2p Peak of undoped SrTiO3  with Ti2p3/2 at 458.32 eV with Ti3+(blue) and 

TiO2 (violet). 

 

 

Figure 6.10:  XPS Ti2p peaks of (a) 1 mol% Ga3+ (N2) (b) 4 mol% Ga3+ (N2) doped samples 

with Ti2p3/2 at lower binding energies compared to undoped SrTiO3 with Ti3+(red) and TiO2 

(violet). 

The Kubelka Munk, [F(R)] of the samples was measured to understand the absorption pattern 

of the samples. The onset of absorption in the N2 annealed samples is earlier than the 

commercial SrTiO3 as shown in Figure 6.11. However, no visible light absorption is observed, 

and they are analogous to the previous Ga3+ doped samples. 
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Figure 6.11:  Kubelka Munk function of the samples annealed under N2 showing absorption 

in the UV region and no additional optical features. 

The samples synthesized with the additional N2 annealing step retain similar characteristics as 

the standard sol-gel Pechini samples. The only variable so far in these samples is the still 

smaller particle sizes which is beneficial in providing higher specific areas that increase 

photocatalytic rates [14]. The results obtained so far with this batch will be confirmed with 

repeats and the effect of the surface area on the performance will be measured with the 

photocatalytic setup in the Steier Laboratory in St. Catherine’s College, Oxford. 

6.4 Conclusion and Future Work 

Preliminary photocatalytic results show that Ga3+ doping enhances the photocatalytic CO2 

hydrogenation rates. With this work, we are trying to establish the reasons why Ga3+doping 

works. The two reasons we have established so far are the decrease in Ti3+and the decrease in 

crystallite sizes with increasing specific surface areas. To achieve even smaller crystallite sizes, 

an intermediate N2 annealing step was introduced before calcination. Preliminary results 

showed that although Ga did not induce any significant changes in the band gap, we observed 

an increasing trend of CO produced during our CO2 photo hydrogenation experiments. A 

thorough analysis of crystallinity led us to pursue the effect of crystallite/particle size and 

hence, the effect of the specific surface area on our catalytic rates. Indeed, if we account for 

the specific surface area, we see that upon doping with d10 Ga, we do not observe a significant 

increase in our catalytic rate of CO production. This study highlights that the reports of 
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photocatalytic rates in the literature are better off leaning more toward the way photo-

electrochemical and electrochemical rates are reported (per specific or (electro)chemically 

active surface area) instead of the traditional thermochemical way of reporting yields (per gram 

catalyst). In conclusion, with this work, we are trying to establish a new method (first of its 

kind) to quantify photocatalytic data in terms of normalized BET N2 specific surface area to be 

expressed as μmols per m2 per h in oxide materials such as the SrTiO3. This chapter also raises 

the need for optimizing the synthesis conditions which could be beneficial for the 

photocatalytic performance. As a scope for future work, more work is being done to correlate 

the specific areas to report PEC, electrocatalysis, and photocatalysis data. 
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Appendix 

Aging and High-Temperature XRD 

It is observed that Ga3+ doped SrTiO3 starts to form oxides like SrO and TiO2 with time. This 

might be due to the aging of the samples. This process was studied via the HT-XRD on the 3 

mol% Ga3+ doped SrTiO3 as shown in Figure 6.1A. The catalyst was heated from room 

temperature with a 200 °C temperature ramp and then cooled down to room temperature. It 

was observed that all the oxide phases disappeared after 800 °C, and it demonstrated a cubic 

structure and maintained it after cooling down to room temperature. From this experiment, we 

get a clear idea of the safe temperature to which we can heat up before running photocatalysis 

measurements on synthesized older samples.  



Chapter 6 
 

277 
 

 

Figure 6.1A: HT-XRD pattern of 3 mol% Ga doped SrTiO3  with the * indicating oxide phases 

and dashed line indicating the alumina crucible's reflection. This experiment aimed to 

understand how the oxides in the aged samples behave when subjected to heating. It was 

observed that these samples regained their phase pure cubic structure when heated at ≥ 800 °C 

and maintained it upon cooling to room temperature.     

The nanoparticles demonstrate high crystallinity as demonstrated in Figure 6.6. Due to their 

shapes, the particles were observed to be variedly oriented. 
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Figure 6.2A: d-spacings of the particles of 4 mol% Ga Doped SrTiO3 with sizes (a, c, e) 21.89 

nm in (110) (b) 23.94 nm oriented in (110) (c) EDX Pattern showing the incorporation of Ga 

(f) Diffraction of the Particles 

From Figure 6.2A(f), the (hkl) was calculated and tabulated for the 4 mol% Ga (N2) doped 

sample which has a lattice parameter of 3.88403 Å. 

 

 

 

 

(a) (b)

(c) (d)

(e) (f)
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Table 6.1A: Calculated (hkl) from Diffraction Pattern 

(hkl) d-spacings (Å) 

100 3.57143 

110 2.75748 

111 2.24517 

200 1.93817 

211 1.60013 

220 1.37542 

221 1.21102 

222 1.13372 

 

The (hkl) values obtained from the diffraction pattern in Table 6.4 corroborate with the XRD 

pattern. 
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Figure 6.3A: Deconvoluted and charge corrected Sr3d Peaks of undoped SrTiO3 at 132.77 eV 

and 134.49 eV with trace amount of SrCO3 

 

Figure 6.4A: Clockwise from top a.) 1 mol% Ga3+ (N2) b.) 4 mol% Ga3+ (N2) doped SrTiO3 

samples 

The binding energy positions of the Sr3d5/2 and the Sr3d3/2 of the lattice Sr2+ is presented in 

Table 6.2A.  

Table 6.2A: Position of the Sr3d5/2 and the Sr3d3/2 of the doped samples 

Sr No Sample Sr3d5/2 Sr3d3/2 

1 Undoped SrTiO3 132.77 134.49 

2 1 mol% Ga (N2) 133.06 134.75 

3 4 mol% Ga (N2) 132.63 134.39 

 

 

Figure 6.5A: XP spectrum of undoped O1s peak with the main component at 529.48 eV with 

-C=O (blue), -OH (violet) and -C-O-C (green) 
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The O1s peak of the doped samples as shown in Figure 6.6A shows similar characteristics i.e., 

the presence of four peaks. However, all the peaks show shifts to lower binding energies.  

 

Figure 6.6A: XPS O1s peak (deconvolution of (a) 1 mol% Ga3+ (N2) (b) 4 mol% Ga3+ (N2) 

doped samples with -C=O (blue) , -OH (violet) and C-O-C groups (green) 

The peak positions of the O1s of the doped samples are given in Table 6.3A.  

Table 6.3A: Peak Positions of the O1s 

Sr No Samples Lattice  -C=O -OH C-O-C 

1 Undoped 529.50 eV 530.40 eV 530.91 eV 531.68 eV 

2  1 mol% Ga3+ 

 Doped 

529.52 eV 530.12 eV 531.64 eV 532.44 eV 

3 4 mol% Ga3+ 

Doped 

529.28 eV 530.19 eV 531.64 eV 532.57 eV 

 

The presence of carbonate peaks is quite consistent with the Sr3d peaks which showed the 

presence of SrCO3. The -OH peak of the 1 mol% Ga doped sample with N2 annealing is the 

highest among all the doped samples. This could be due to the increased affinity for surface 

hydroxyls by the higher number of oxygen vacancies introduced with the % doping [15]. 

Ga2p  

From the XPS survey of the surface of 1 mol% Ga3+ doped, and 4 mol% Ga3+ doped SrTiO3, 

the presence of Gallium is evident as shown in Figure 6.7A. For the N2 annealed batch,  the 1 

mol% and 4 mol% doped samples the main Ga2p3/2  peak at 1117.89 eV and 1117.96 eV 

respectively. 

(a) (b)
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Figure 6.7A: XPS Ga2p3/2 peak deconvolution of (a) 1 mol% Ga3+ (N2) (b) 4 mol% Ga3+ (N2) 

doped samples with elemental peak (green) and Ga2O3 (blue) 

(a) (b)
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Chapter 7: Conclusion and Future Work 

7.1 Conclusion 

The Ph.D. work studied the effect of d- and p-block dopants in the material and the 

PEC/photocatalytic properties of SrTiO3. Initially, the synthesis route which was assumed to 

be a straightforward process was found to have a profound effect on the properties of the 

materials. Detailed investigations showed that synthesis parameters such as the temperature 

influenced the distribution and the behavior of the dopants such as surface segregation and 

exsolution. These effects highlight the importance of controlling synthesis parameters to 

optimize the materials’ catalytic performance. The Ph.D. work aims to improve the 

performance of SrTiO3 via doping with ions having d10 (Ga3+) and d3 (Cr3+) configurations. The 

thesis work tried to study whether doping is a feasible strategy to increase the efficiency of 

SrTiO3.  Both Ga3+ and Cr3+ dopants showed the suppression of intrinsic Ti3+ defects that were 

found to have affected the performance of catalysts. Oxygen vacancies particularly in the Ga3+ 

doped samples were found to have facilitated the PEC performances. Lifetimes of the samples 

were found to have been affected by charge trappings as reflected in the TCSPC measurements. 

Another important parameter that can facilitate higher performances is the specific surface 

areas as indicated by the decreasing crystallite sizes with an increase in the mol% doping 

concentration.   

In Chapter 3, a series of Ga3+ and La3+ (co-) doped SrTiO3 samples were synthesized via the 

standard sol-gel Pechini method at 900 °C. Ga3+ doping was found to have increased the n-

type conductivity of the catalysts which deviated from their expected behavior (Figures 3.31-

3.32). With La3+ co-doping, the fermi level was found to have shifted away from the CBMin 

(Figures 3.31-3.32). The n-type conductivity was found to have most likely resulted from 

oxygen vacancies acting as shallow donors to the CB.  In the co-doped series, two samples- 2 

mol% and 4 mol% deviated from the other samples in color (bluish grey) and opto-electronic 

properties. These samples showed oxygen vacancy-related absorption features (Figure 3.23) 

and exsolution (Figure 3.8). The 2 mol% and the 4 mol% in the mono- and the co-doped series 

showed higher PEC performance than the undoped sample towards OER (Figures 3.36-3.37). 

In the monodoped samples, the primary factor resulting in the higher performance was the 

suppression of Ti3+ defects and the increase of surface oxygen vacancies (Figure 3.33). For the 

La3+ co-doped samples, the higher performance was found to be due to a combination of factors 

with the exsolution being one of them. This study also tries to understand the role of 

crystallographic 1D (dislocations) and 2D (grain boundaries) defects in the performance of 

these catalysts. It was found in this study that the exsolution of the nanoparticles can occur 

along the grain boundaries which acted as nucleation pathways (Figure 3.9(a)). This study 

also highlights a Time-Temperature-Solubility Factor that affects how the dopants incorporate 

into the host matrix and their surface segregation.  

In Chapter 4, a study of Ga3+ doped SrTiO3 synthesized at different temperatures (500 °C-800 

°C) was undertaken. This work builds on Chapter 3 where high-temperature synthesis led to 

crystallographic defects such as dislocations and grain boundaries which were found to have 

influenced the performances. To understand how the samples would perform if synthesized at 
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lower temperatures, this Chapter focuses on the synthesis route and finding an optimum 

temperature for the best photocatalytic performance. It was observed that samples synthesized 

at different temperatures behaved differently in their microstructural such as the increasing 

crystallite sizes with temperature (Figures 4.10-4.11) and electronic aspects such as the 

lifetimes (Figure 4.14) which were in turn influenced by oxygen vacancies (charged or neutral). 

The presence of oxygen vacancies was found to have influenced the n-type conductivity. The 

2 mol% Ga3+ doped SrTiO3 sample synthesized at 800 °C showed the highest lifetimes among 

all the samples (Figure 4.15). A hypothesis was proposed where a window of lower EA and IP 

exists when charge trapping is minimal. In this window, the lifetimes are higher (Figure 4.26). 

The 2 mol% Ga3+ doped SrTiO3 also reported a higher photoresponse. The PEC performance 

of the doped samples was higher towards OER from 600 °C onwards (Figure 4.43). The 

suppression of Ti3+ and increase in surface oxygen vacancies were found to have affected the 

performances of the catalysts (Figure 4.42). The Time-Temperature-Solubility Factor was 

found to have influenced the Ga3+ doping in the SrTiO3 matrix. There is an increased surface 

segregation of dopants with an increase in temperature (Figure 4.36). This finding concludes 

both chapters 3 and 4 that surface segregation can be beneficial to the performance of the 

catalysts as observed with the higher OER in the samples synthesized from 600 – 900 °C. The 

samples synthesized at 500 °C where the doping level was close to the intended mol% doping 

underperformed in the PEC which further confirmed that the segregation could be beneficial 

to the performance. 

In Chapter 5, 2 mol% Cr doped SrTiO3 was synthesized at 800 °C and 900 °C. Even though 

the Cr monodoped samples showed absorption into the visible light region, these samples also 

exhibited Cr6+ states (red-colored samples) which are detrimental to the photoactivity. The 

effect of Cr6+ states was found to be twofold. Cr6+ states on the one hand were found to have 

inhibited the photoresponse and on the other hand, increased the anodic current towards OER 

(Figure 5.66). To suppress these trap states, co-doping with La3+ (yellow-colored samples) and 

Cs1+ (violet-colored samples) was tried. Cs1+ co-doping did not suppress the Cr6+ states 

(Figures 5.42-5.43) and was found to have decreased the Cr3+ content as the mol% co-doping 

increased as confirmed by the EPR and diffuse reflectance measurements (Figure 5.35). Even 

though 2 mol% La3+ co-doping showed the highest suppression of the Cr6+ states, it did not 

significantly affect the photoresponse. Due to the Time-Temperature-Solubility Factor as 

discussed in the previous chapter, another technique was employed to incorporate the dopants 

into the SrTiO3 matrix with the serial dilution method. The 1 mol% Cr monodoped sample 

synthesized with this method showed the highest photoresponse (Figure 5.67) and no Cr6+ 

states (Figure 5.44 (b)). Therefore, confirming that even though Cr6+ inhibits the 

photoresponse, these states facilitate the Cr-doped SrTiO3 to be better electrocatalysts. 

Suppression of intrinsic defects such as the Ti3+ also enhanced the performances.  

In Chapter 6, preliminary photocatalytic CO2 hydrogenation with Ga3+ doped SrTiO3 showed 

a decrease in crystallite sizes (Table 6.1), increasing BET-specific surface areas (Figure 6.3), 

and decreasing Ti3+ defects (Figure 6.2 (c)) show an increasing trend in CO generation. This 

study proposes a new method to report PEC or photocatalysis data considering the normalized 

BET N2 specific active surface areas for the first time in titanate-based materials such as the 

SrTiO3 (Figure 6.4). In this work, an attempt was made to optimize the sol-gel Pechini method 
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with an intermediate N2 annealing step. The primary motivation was to achieve smaller 

coherently scattering domain (or crystallite) sizes which could provide a higher specific 

surface area for higher photocatalytic performances.  

To conclude, even though doping SrTiO3 is not the most efficient method to enhance the 

performance of the photocatalyst, it can be explored as a viable option. To achieve this, it is 

important to choose the right synthesis method and tailor the conditions according to the 

dopants used. From the work done in the Ph.D., it can be inferred this step is crucial as to 

control the amount of doping being incorporated in the host matrix and the intrinsic defect 

concentration.  

7.2 Future Work 

The work done in the Ph.D. study lays the framework for some unfounded research avenues. 

Each primary result, chapters 3-6, tries to propose a hypothesis still in the nascent research 

stage. In photocatalysis, the effect of crystallographic (extrinsic) defects such as dislocations 

and grain boundaries is still limited. In this Ph.D. work, an attempt was made to understand 

how these defects could have facilitated exsolution and therefore, affected the performance of 

the catalysts. The second hypothesis that needs to be understood is the possibility of the 

existence of a window of EA and IP where charge trapping is low resulting in higher lifetimes. 

This could be an important aspect in the future for designing high-performing photocatalysts. 

For the Cr-doped SrTiO3 samples, other co-dopants such as Sb and Ta should be considered to 

suppress Cr6+ trap states. In the study on the Cr doping, the position of Cr3+ and Cr6+ were 

speculated from the diffuse reflectance data. To fully understand where the positions of these 

states are, a DFT simulation can be helpful. In the Ph.D. study, a Time-Temperature-Solubility 

Factor has been discussed which could have affected how the dopants interact with the host 

matrix. Here, it can be understood that different dopants have unique solubility rates in the 

SrTiO3 matrix and therefore the time of synthesis should be tailored to the dopants being used. 

In the future, techniques such as TOF-SIMS could be used to understand how dopants if 

segregated on the surface of the host matrix could affect the performance. XAFS is another 

technique to understand the site where dopants without paramagnetic ion species can occupy. 

Another important aspect to understand while synthesizing photocatalysts is their nature of 

conductivity. Even though both Ga3+ and Cr3+ are dopants with expected p-type conductivity, 

in this study both types of dopants are n-type in nature. To reverse the nature of conductivity 

in these dopants, more experimental techniques such as oxygen (function of partial pressures) 

annealing should be undertaken. Different types of oxygen vacancies were found to have 

affected the microstructural parameters such as the lattice volumes and lattice strains in the 

samples, therefore it is equally important to be able to quantify these and understand their effect 

on the catalyst performances. For the specific surface area normalized PEC/ photocatalytic 

data, more research is being ongoing in the current Ph.D. group in terms of BET and gas phase 

photocatalytic CO2 hydrogenation.  
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