
Perovskite-based photoelectrochemical investigations for
artificial photosynthesis
Guo, T.

Citation
Guo, T. (2025, January 21). Perovskite-based photoelectrochemical
investigations for artificial photosynthesis. Retrieved from
https://hdl.handle.net/1887/4177899
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/4177899
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4177899


 

 

 

Perovskite-based Photoelectrochemical 

Investigations for Artificial 

Photosynthesis 
 

 

 

 

 

 

 

 

 

 

Tirong Guo 

郭体荣 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

Perovskite-based Photoelectrochemical 

Investigations for Artificial 

Photosynthesis 
 

Proefschrift 

 

ter verkrijging van 

de graad van doctor aan de Universiteit Leiden, 

op gezag van rector magnificus prof.dr.ir. H. Bijl, 

volgens besluit van het college voor promoties 

te verdedigen op dinsdag 21 januari 2025 

klokke 10:00 uur 

 

 

door 

 

 

Tirong Guo 

geboren te Hubei, China 

in 1993 



 

Promotor 

Prof. dr. H. J. M. de Groot 

Co-promotor 

Dr. W. T. Fu 

 

Promotiecommissie： 

Prof. dr. M. Ubbink 

Prof. dr. M. T. M. Koper 

Dr. A. Pandit 

Prof. dr. J. R. Galán-Mascarós (Institute of Chemical Research of Catalonia, ICIQ) 

Dr. A. Bieberle-Hütter (NWO-instituut DIFFER: Dutch Institute for Fundamental 

Energy Research) 

 

 

 

 

 

 

Financial support was provided by the China Scholarship Council (CSC) and the EU 

project SUN2CHEM.



 

 







































 



















 



 

i 

Table of Contents 

List of Abbreviations ............................................................... v 

Introduction ........................................................................... 1 

1.1 Artificial photosynthesis for sustainable green energy ................................ 2 

1.2 Fundamentals for PEC systems with different structures ............................ 2 

1.3 From PEC devices to photoelectrode materials for water splitting ............. 5 

1.3.1 Device efficiency ................................................................................... 5 

1.3.2 Diagnostic efficiencies for fundamental insights .................................. 7 

1.4 Ba2Bi2O6-based double perovskite semiconductor materials .................... 11 

1.5 Outline of this thesis .................................................................................. 13 

1.6 References ................................................................................................. 18 

Enhancing the Photoelectrochemical Performance for Water 
Splitting by Nb5+ Doping in Ba2Bi2O6 Double Perovskite ........ 25 

2.1 Introduction ............................................................................................... 27 

2.2 Experimental Section ................................................................................. 32 

2.2.1 Precursor solution preparation ........................................................... 32 

2.2.2 Perovskite photoelectrode preparation ............................................. 33 

2.2.3 Material characterization ................................................................... 34 

2.3 Results and Discussion ............................................................................... 35 

2.3.1 Crystal structure ................................................................................. 35 

2.3.2 Electrochemical stability of thin film photoelectrodes ....................... 36 

2.3.3 Optical light absorption properties ..................................................... 39 

2.3.4 PEC performances ............................................................................... 42 

2.4 Conclusion .................................................................................................. 50 



 

ii 

2.5 References ................................................................................................. 51 

2.A. Appendix ................................................................................................... 56 

Engineering Ba2Bi2O6 Double Perovskite with La3+ for High 
Current Density Visible Light Photoelectrochemical Hydrogen 
Evolution .............................................................................. 59 

3.1 Introduction ............................................................................................... 60 

3.2 Experimental Section ................................................................................. 61 

3.2.1 Pellet samples ..................................................................................... 61 

3.2.2 Thin film samples ................................................................................ 62 

3.2.3 Material characterization ................................................................... 63 

3.3 Results and Discussion ............................................................................... 64 

3.3.1 Crystal structure ................................................................................. 64 

3.3.2 Optical band structure ........................................................................ 65 

3.3.3 Film photoelectrodes .......................................................................... 68 

3.3.4 Pellet photoelectrodes ....................................................................... 78 

3.4 Conclusion .................................................................................................. 81 

3.5 References ................................................................................................. 83 

3.A. Appendix ................................................................................................... 88 

Highly Reversible Ambipolar Photocurrents by Modulating Ta 
in Ba2Bi2-xTaxO6 Double Perovskite ........................................ 99 

4.1 Introduction ............................................................................................. 101 

4.2 Experimental Section ............................................................................... 103 

4.2.1 Precursor solution preparation ......................................................... 103 

4.2.2 Perovskite photoelectrode preparation ........................................... 104 

4.2.3 Material characterization ................................................................. 104 

4.3 Results and Discussion ............................................................................. 105 



 

iii 

4.3.1 Crystal structure ............................................................................... 105 

4.3.2 Optical absorption properties of photoelectrodes ........................... 109 

4.3.3 PEC properties .................................................................................. 111 

4.4 Conclusion ................................................................................................ 124 

4.5 References ............................................................................................... 126 

4.A. Appendix ................................................................................................. 132 

Investigation of Photoelectrochemical Activities of 
Ba2M0.4Bi1.6O6(M=La, Ce, Pr, Pb, Y) Double Perovskites ....... 141 

5.1 Introduction ............................................................................................. 143 

5.2 Experimental Section ............................................................................... 144 

5.2.1 Powder samples ................................................................................ 144 

5.2.2 Film photoelectrodes ........................................................................ 145 

5.2.3 Material characterization ................................................................. 146 

5.3 Results and Discussion ............................................................................. 147 

5.3.1 Crystal structure ............................................................................... 147 

5.3.2 Optical properties and band structure ............................................. 150 

5.3.3 Photoelectrode properties ............................................................... 155 

5.4 Conclusion ................................................................................................ 166 

5.5 References ............................................................................................... 167 

5.A. Appendix ................................................................................................. 172 

Conclusions and Outlooks .................................................. 177 

6.1 Conclusions .............................................................................................. 178 

6.2 Outlooks ................................................................................................... 182 

6.3 References ............................................................................................... 187 

Summary ............................................................................ 189 



 

iv 

Samenvatting ..................................................................... 193 

List of Publications ............................................................. 197 

Curriculum Vitae ................................................................ 198 

Acknowledgments .............................................................. 199 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

List of Abbreviations 

NPS                             natural photosynthesis 

APS                             artificial photosynthesis 

PEC                             photoelectrochemical 

H2                                hydrogen 

AM 1.5G                    air mass 1.5 global 

HER                             hydrogen evolution reaction 

OER                             oxygen evolution reaction 

CB                                conduction band 

VB                                valence band 

CBM                            conduction band minimum 

VBM                            valence band maximum 

CDW                           charge density wave 

SCR                             space charge region 

e-                                 electron 

h+                                 hole 
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QFL                              quasi Fermi level 

EQF,n                             quasi Fermi level energy of electrons 

EQF,p                             quasi Fermi level energy of holes 
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Eg                                  band gap energy 
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FWHM                        full width at half maximum  
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CV                                 cyclic voltammetry 

LSV                                linear sweep voltammetry 

OCP                              open circuit potential 
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RC                                 Randles circuit 

M-S                               Mott-Schottky 

WE                                working electrode 

CE                                  counter electrode 

RE                                  reference electrode 

RHE                               reversible hydrogen electrode 

FTO                               fluorine-doped tin oxide 

BBO                               Ba2Bi2O6 

BBNO                            Ba2Bi1.4Nb0.6O6 

BLBO                             Ba2La0.4Bi1.6O6 
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