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Abstract 

For the last century, mankind has been hugely dependent on fossil fuels to meet its energy needs. 

Harnessing energy from fossil fuels led to the emission of greenhouse gases. Greenhouse gases such as 

CO2 are a major contributor to global warming. Since the last decade, the global annual average 

temperature has increased by almost 1 oC, while the annual average temperature of Europe has increased 

by almost 1.7 oC. It is high time to find an alternative source of energy. Such an energy source must be 

renewable, sustainable, robust and free of greenhouse gases. Our earth has a non-stop supply of solar 

energy and water in oceans, harvesting energies from such resources will not only be clean but also 

inexpensive. Solar fuels such as H2 generated from sunlight and seawater using earth-abundant 

materials are expected to be a crucial component of a next generation renewable energy mix.  

  My PhD research was thus focused on the use of solar energy to split water into molecular 

hydrogen and oxygen, a process that is referred to as ‘artificial photosynthesis’. This can be achieved 

with the help of semiconductor photocatalysts. As most of the earth crust has a high abundance of silicon 

(Si), I prepared my semiconductor photoelectrodes using Si. However, Si tends to degrade in an aqueous 

environment. Thus, my PhD research comprises the synthesis of microstructured Si photoelectrodes and 

their protection with a TiO2 inter layer followed by functionalization with various earth abundant co-

catalysts. The study on the synthesis, morphology and elemental characterization of the photoelectrodes 

was carried out under the supervision of Prof. Dr. Johannes Messinger at the Chemistry Department of 

Umeå University. Deep insight on the electronic and atomic structure of the functionalized Si 

photoelectrodes was obtained by careful experiments at the European Synchrotron Radiation Facility 

(ESRF) under the supervision of Dr. Pieter Glatzel. I investigated the electronic and geometric structural 

properties of my photocatalysts using inner shell electron spectroscopy, which is also referred to as ‘X-

ray spectroscopy’. Thus, my PhD thesis falls under the broad title of “Artificial Photosynthesis and X-

Ray Spectroscopy”. 

With the motivation of developing a bias free photoelectrochemical device for overall water 

splitting, I first developed cost effective earth abundant photocathodes. The experimental data and 

detailed analysis of the photocathodes are presented in Paper I. The best photocathode obtained in Paper 

I (p-Si/TiO2/NiOx) was then coupled with a well-studied FTO/α-Fe2O3 photoanode in parallel-

illumination mode. The two most significant information obtained in Paper II were: 1) p-Si/TiO2/NiOx 

outcompetes Pt as a counter electrode and 2) a space charge region in the pristine hematite can be 

enhanced using p-Si/TiO2/NiOx as photocathode without bias or using any dopant. The proof of concept 

device studied in Paper II was further optimized in Paper III by replacing the FTO substrate with the n-

Si MW to a obtain n-Si MW/TiO2/α-Fe2O3 photoanode. A record high photocurrent density of 5.6 

mA/cm2 was achieved for the undoped hematite photoanode. I also found out that the TiO2 inter layer 

plays a crucial role in enhancing the overall device performance. The role of TiO2 was thus further 

studied using valence to core X-ray emission spectroscopy, which opened a new avenue for identifying 

and investigating the prime components in such devices. Paper I to III discuss the role of TiO2 and of 

the co-catalysts towards solar water splitting and thus the only material left to study was the Si substrate. 

For paper IV, a detailed analysis on Si substrate was performed. The electronic structural changes on Si 

LII, III edge was studied using X-ray Raman spectroscopy. The X-ray spectroscopic studies presented in 

papers I to III were performed at the ID-26 beamline at ESRF, while the X-ray Raman Spectroscopy 

presented in Paper IV was performed at the ID-20 beamline at ESRF. The data presented in Paper IV is 

preliminary and needs to be processed and analyzed further. 
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Enkel sammanfattning på svenska 

Människor har varit enormt beroende av fossila bränslen under nästan ett sekel för att möta 

sina energibehov.  Utnyttjandet av energi från fossila bränslen har lett till utsläpp av växthusgaser. 

Växthusgaser som CO2 är en starkt bidragande faktor i global uppvärmning. Under det senaste årtiondet 

har den globala årstemperaturen ökat med nästan 1 °C, medan den årliga genomsnittliga temperaturen 

i Europa har ökat med nästan 1,7 °C. Det är därför dags att hitta en alternativ energikälla. En sådan 

energikälla måste vara förnybar, hållbar, robust och fri från växthusgaser. Vår jord har oavbruten 

tillförsel av solenergi och enorma mängder vatten i oceaner. Kan vi få vår energi från dessa resurser 

kommer den inte bara att vara ren utan också billig. Solbränslen såsom H2 som alstras från solljus och 

havsvatten med hjälp av grundämnen som förekommer rikligt förväntas spela en viktig roll till nästa 

generation av förnybar energi.  

Min doktorandforskning har därför fokuserat på att använda solenergi för att spjälka vatten till 

vätgas och syrgas. Detta kan göras med hjälp av halvledare som fotokatalysatorer. När 

halvledarfotokatalysatorn placeras i vatten och belyses, spjälkas vatten och ger vätgas och syrgas. Denna 

process kallas för "artificiell fotosyntes". Eftersom jordskorpan innehåller kisel (Si) i stora mängder 

baserade jag mina halvledarfotoelektroder på Si. Si tenderar att degradera i vattenlösningar och därför 

är en viktig uppgift i min forskning att stabilisera Si-fotoelektroder. Min doktorandstudie presenterar 

syntes av mikrostrukturerade Si-fotoelektroder och funktionalisering med först ett skyddande skikt av 

TiO2 följt av olika ko-katalysatorer av grundämnen som är rikligt förekommande i jordskorpan. Studier 

av syntes, morfologi och elementär karakterisering av fotoelektroderna utfördes under överinseende av 

professor Dr. Johannes Messinger vid Kemiska institutionen vid Umeå universitet. Avancerade studier 

vid European Synchrotron Radiation Facility (ESRF) under överinseende av Dr Pieter Glatzel gav en 

djupare förståelse av den elektroniska och atomära strukturen hos de funktionaliserade Si-

fotoelektroderna. Jag undersökte elektroniska och strukturella egenskaper hos mina fotokatlysatorer 

med hjälp av röntgenspektroskopi som ger information om de inre elektronskalen. Därför har min 

doktorsavhandling den breda titeln "Artificial Photosynthesis and X-Ray Spectroscopy" 

För att utveckla en komplett fotoelektrokemisk cell för vattenspjälkning utvecklade jag först 

kostnadseffektiva fotokatoder baserade på grundämnen som är rikligt förekommande i jordskorpan. En 

detaljerad analys av fotokatoderna presenteras i artikel I. Den bästa fotokatoden i artikel I (p-

Si/TiO2/NiOx), kopplades sedan samman med en välstuderad FTO/α-Fe2O3-fotoanod i 

parallellbelysningsläge. De två viktigaste resultaten från artikel II var: 1) p-Si/TiO2/NiOx överträffar Pt 

som en motelektrod och 2) ett utarmningsskikt i obearbetad hematit kan förbättras genom att använda 

p-Si/TiO2/NiOx som fotokatod utan hjälp av extern spänning eller något extra dopningsmedel. ”Proof-

of-concept”-enheten som studerades i artikel II optimerades ytterligare i artikel III genom att ersätta 

FTO-substratet med n-Si MW vilket gav en n-Si MW/TiO2/α-Fe2O3-fotoanod. För den hematitbaserade 

fotoanoden i artikel III uppmättes en rekordhög ljusdriven strömdensitet på 5,6 mA/cm2. Ett annat 

resultat var att TiO2- gränsytsskikt spelar en avgörande roll för att förbättra prestandan hos den totala 

anordningen. Titandioxidens roll studerades sedan med hjälp av röntgenspektroskopi, som öppnade en 

ny väg för att identifiera och undersöka huvudkomponenterna i den här typen av enheter. I artikel I till 

III diskuteras TiO2 och ko-katalysatorernas roll för soldriven vattenspjälkning och den enda 

komponenten kvar att studera var Si-substratet, och en detaljerad analys av det gjordes i artikel IV. 

Förändringar i den elektroniska strukturen på Si LII,III-kanten studerades med hjälp av röntgen-raman-

spektroskopi. Den röntgenspektroskopiska studien i artikel I till III utfördes vid ID-26-beamline, ESRF 

medan röntgen-raman-spektroskopin i artikel IV utfördes vid ID-20-beamline, ESRF. De data som 

presenteras i artikel IV är preliminära, och kommer att behandlas och analyseras ytterligare. 
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GC: Gas Chromatography 

ΔG0 : Gibbs Free Energy Change 

h+: Hole 

HDM1: Horizontally Deflecting Mirror One 

HER: Hydrogen Evolution Reaction 

HERFD-XANES: High Energy Resolution Fluorescence Detected X-Ray Absorption Near Edge 

Structure 

HFM2: Horizontally Focusing Mirror Two 

Io: Incident Intensity 

It: Transmitted Intensity 

Iω: Frequency Dependent Current. 

ID: Insertion Device 

ISS: Inner Shell Spectroscopy 

Jph: Photocurrent Density 
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Linac: Linear Accelerator 

LSV: Linear Sweep Voltammogram 

m: Mass Number 

MACE: Metal Assisted Chemical Etching 

MO: Metal-Oxide  

n-type Si: Pure Si doped with Electron Donor Element 

n: Number of Electrons Transferred 

ND: Carrier Density 



 

vii 
 

NHE: Normal Hydrogen Electrode 

NRIXS: Non-Resonant In-Elastic X-ray scattering  

OER: Oxygen Evolution Reaction 

p-type Si: Pure Si doped with Electron Acceptor Element 

PEC: PhotoElectroChemical  

Q: Mol of Photogenerated Gases 

RCT: Charge Transfer Resistance 

RHE: Reversible Hydrogen Electrode 

RIXS: Resonant In-elastic X-ray Scattering 

SCR: Space Charge Region 

SECM: Scanning ElectroChemical Microscopy 

SEM: Scanning Electron Microscope 

Si MW: Silicon MicroWire 

SPEs: Semiconductor PhotoElectrodes 

STH: Solar To Hydrogen 

t: Time in Seconds 

TAS: Transient Absorption Spectroscopy 

TCD: Thermal Conductivity Detector 

TEM: Transmission Electron Microscope 

vtc: Valence to Core 

V: Applied Potential 

Vb: Applied Bias Potential 

Vfb: Flat Band Potential 

Vonset: Onset Potential 

VB: Valence Band 

VNHE: Electrochemical Potential vs. Normal Hydrogen Electrode 

VRHE: Electrochemical Potential vs. Reversible Hydrogen Electrode 



 

viii 
 

VFM3: Vertical Focusing Mirror Three 

XAS: X-ray Absorption Spectroscopy 

XES: X-ray Emission Spectroscopy 

XPS: X-Ray Photoelectron Spectroscopy 

XRD: X- Ray Diffraction 

XRS: X-ray Raman Spectroscopy 

Z: Atomic Number 

Zω : Resistor Applied Frequency ω 

Фox: Oxidation Potential 

Фred: Reduction Potential 

() Absorption Coefficient 

(ǀg>): Ground State 

(ǀn>): Intermediate State 

(ǀf>): Final State 

Ω = hν1: Incident X-ray Energy 

ω = hν2: Fluorescence Energy 

ε: Dielectric Constant 

ε0 : Vacuum Permittivity 

θ: Scattering Angle 

λ: Wavelength of Incident Beam 

Γk : Life time Broadening for Intermediate State 

Γf: Life time Broadening for Final State 

 

 

 

 

 



 

ix 
 

List of Publications 

The thesis is a collective work of the following Papers and Manuscripts. They are presented at the end 

and mentioned in the thesis with Roman numerals I to IV. 

I. Anurag Kawde, Alagappan Annamalai, Lucia Amidani, Manuel Boniolo, Wai Ling Kwong, 
Anita Sellstedt, Pieter Glatzel, Thomas Wågberg, Johannes Messinger. “Photo-electrochemical 
hydrogen production from neutral phosphate buffer and seawater using micro-structured p-Si 
photo-electrodes functionalized by solution-based methods” Sustainable Energy & Fuels, 
2018,2,2215-2223 DOI: 10.1039/C8SE00291F 

II. Anurag Kawde, Alagappan Annamalai, Anita Sellstedt, Pieter Glatzel, Thomas Wågberg, 
Johannes Messinger. “A microstructured p-Si photocathode outcompetes Pt as a counter 
electrode to hematite in photoelectrochemical water-splitting,” (submitted first revision). 

III. Anurag Kawde, Alagappan Annamalai, Anita Sellstedt, Thomas Wågberg, Pieter Glatzel, 
Johannes Messinger. “Valence to core X-ray spectroscopic insight on the performance 
enhancing TiO2 interlayer of functionalized Si photoelectrodes for bias-free solar water 
splitting” (Manuscript draft) 

IV. Anurag Kawde, Alagappan Annamalai, Manuel Boniolo, Chaira Cavallari, Thomas Wågberg, 
Pieter Glatzel, Johannes Messinger. “Si L-edge X-ray Raman spectroscopy insight on Si/TiO2 
interaction in photoelectrodes” (Manuscript draft) 

 

Publication not covered in the thesis 

 

V. Markus Kubin, Jan Kern, Sheraz Gul, Thomas Kroll, Ruchira Chatterjee, Heike Löchel, Franklin 

D. Fuller, Raymond G. Sierra, Wilson Quevedo, Christian Weniger, Jens Rehanek, Anatoly 

Firsov, Hartawan Laksmono, Clemens Weninger, Roberto Alonso-Mori, Dennis L. Nordlund, 

Benedikt Lassalle-Kaiser, James M. Glownia, Jacek Krzywinski, Stefan Moeller, Joshua J. 

Turner, Michael P. Minitti, Georgi L. Dakovski, Sergey Koroidov, Anurag Kawde, Jacob S. 

Kanady, Emily Y. Tsui, Sandy Suseno, Zhiji Han, Ethan Hill, Taketo Taguchi, Andrew S. Borovik, 

Theodor Agapie, Johannes Messinger, Alexei Erko, Alexander Föhlisch, Uwe Bergmann, Rolf 

Mitzner, Vittal K. Yachandra, Junko Yano, and Philippe Wernet. “Soft x-ray absorption 

spectroscopy of metalloproteins and high-valent metal-complexes at room temperature using 

free-electron lasers” Structural Dynamics 4, 054307 (2017); 

https://doi.org/10.1063/1.4986627 

 

 

 

  



 

x 
 

Author’s Contribution 

Paper I, II and III 

I Initiated and developed the project, designed the experiments with input from Prof. Dr. 

Johannes Messinger, Dr. Pieter Glatzel and Dr. Alagappan Annamalai. I prepared all the samples and 

performed photoelectrochemical experiment, collected gas-chromatography data and discussed their 

analysis with Prof. Dr. Anita Sellstedt. Dr. Alagappan Annamalai performed EIS measurements, which 

were then analyzed by me. I performed the HERFD-XANES and XES experiment at ID-26 beamline of 

ESRF with support by the ID-26 beamline staff. I analyzed the X-ray spectroscopic data with input from 

Dr. Pieter Glatzel, Dr. Lucia Amidani, and Prof. Dr. Johannes Messinger. I wrote the drafts for all 

manuscripts, which were subsequently improved in collaboration with Dr. Pieter Glatzel, Prof. Dr. 

Thomas Wågberg, Prof. Dr. Johannes Messinger and by including suggestions of all coauthors. 

Paper IV 

I conceived and developed the project, designed the experiments with input from Prof. Dr. 

Johannes Messinger and Dr. Pieter Glatzel. I prepared all the samples, and data were collected with the 

help of Manuel Boniolo, Dr. Alagappan Annamalai and Dr. Chaira Cavallari. I performed preliminary 

data assessment with Dr. Chaira Cavallari.  



 

xi 
 

Acknowledgement 

The last four years were the most amazing and fruitful years of my life. Many people kept me 

focused and grounded while I have been on this wonderful journey and I would like to take this 

opportunity to acknowledge them here.   

First and foremost, I would like to express my deep and heartfelt gratitude to both my 

supervisors Prof. Dr. Johannes Messinger and Dr. Pieter Glatzel. Their continuous encouragement and 

support when my first project did not give the expected results were very reassuring.  I would also like 

to thank them for providing me the flexibility and objectivity in exploring my research ideas. It helped 

me grow my research acumen. Their guidance and drill to answer three important questions “what”, 

“why” and “how” while executing any experiments or approaching any problem helped me immensely 

to grow as both a person and a researcher. I cannot thank enough Prof. Dr. Johannes Messinger and Dr.  

Pieter Glatzel for their supervision, motivation and for giving me exposure to their cutting-edge research 

environment. 

I would like to give distinct mention to Dr. Alagappan Annamalai for his continuous support 

and our long discussions throughout my PhD studies. I will always remember how we planned and 

accomplished my second paper.  You are a very good friend and an excellent scientist. 

My sincere thanks to my PhD committee members Prof. Dr. Thomas Wågberg and Prof. Dr. 

Jean-Francois Boily for their valuable input during my annual evaluations.    I am very grateful for our 

valuable discussion about my research work and for giving me access to your laboratories for exploring 

different ideas and instruments.  

I thank my group members at the Umeå University and at the ID-26 research staff from ESRF 

for welcoming me in the respective groups with open arms and creating an exciting working 

environment. I feel extremely blessed to have had the opportunity to work along such exceptionally 

talented scientist. 

From the Umeå University; I thank Manuel Boniolo, Casper De Lichtenberg,  Dr. Wai Ling 

Kwong (Canny), Dr. Mun Hon Cheah (Michael), Dr. Petkov Chernev (@Uppsala University), Dr. Long 

Vo Pham, Dr. Sergey Koroidov and Dr. Hakan Nilsson. I would like to specially thank Dr. Dmitry Shevela 

for always being there to solve any issues related to the lab. I thank Manuel, Canny, and Srikanth for 

being supportive as my office mates. 

Form the ESRF group, I thank Dr. Rafal Baran, Dr. Lucia Amidani, Dr. Sara Lafuerza, Dr. Blanka 

Deltlefs, Dr. Marius Retegan, Artem Sviazhin, Dr. Marte van der Linden and Timothy Bohdan. Rafal, I 

am going to miss our early morning coffee sessions.  Tim, I thank you for being so kind and extremely 

helpful while preparing the experiments at the beamline.  I would also like to thank my office mates at 

ESRF Marta, Matteo, Manuel and Artem for being very cooperative in my PhD journey. I also like to 

thank Marte and Jasper Landman for providing me an exceptional photograph of a leaf that I have used 

in many of my presentations. 

I am also grateful to Prof. Dr. Jyri-Pekka Mikkola and his research group at Umeå University 

for providing me with laboratory space and perform solar simulator experiments. I would also like to 

thank Dr. Diego Pontoni, from the Partnership for Soft Condensed Matter consortium at ESRF, for 

providing me a laboratory space to prepare the samples for the beamtime. 

I thank Dr. Cheng Choo Lee (Nikki) from the Umeå Core Facility for Electron Microscopy 

Facility (UCEM) with her assistance on SEM/EDX measurements and Robin Sandström for acquiring 

the TEM images. I would also like to thank Dr. Andrey Shchukarev for collecting the XPS data and his 

valuable input on their interpretation.  My solar water splitting experiments would not have been 



 

xii 
 

completed without the gas chromatography data I was allowed to collect in the lab of Dr. Anita Sellstedt 

from the Umea Plant Science Centre. I like to thank her, for the time and help; she invested to support 

my experiments. 

I would also like to thank my fellow corridor colleagues both at Umeå and at ESRF who were 

always there for some scientific discussions or a friendly chat.  

The teaching, administrative and management staffs of Chemistry Department at the Umeå 

University and at the ESRF were extremely supportive. I would like to specially mention Prof. Dr. 

Elisabeth Sauer-Eriksson, Sara Filppa and Maria Jansson at Umeå University and I would like to thank 

Alison Lafon and Liela Van Yzendoorn at ESRF.   

I would like to acknowledge Robin Sandström and Dr. Anders Thaper (@ Uppsala University) 

for their prompt help with Swedish translation of my thesis’s abstract. 

I am very blessed to have met very nice people during my PhD journey. I would like to specially 

mention Dr. Karam Chand and Dr. Arvind Kumar for hosting me at their apartments when I visited 

Umea (while my base was in France). I will always be grateful to you people. 

During the last four years (especially the first two years at Umeå), life would have been very hard 

if there had been no sports. I thank all my friends from Umeå Indian Cricket, where we had a lot of fun 

and exciting adrenaline rush cricket matches. Those moments were the stress busters that kept me fit 

and fresh.  

My PhD life would be extremely boring if I would not have met some very good friend especially 

Dr. Alok Ranjan and Dr. Pardeep Singh. They helped me overcome some difficult situations with their 

presence and advice. I also thank Alok and Dr. Souvik Sarkar for their help during my visa issues.  

My PhD journey would be incomplete without the financial support. I would like to thank the 

Artificial Leaf Project, Umeå University, funded by the Knut and Alice Wallenberg’s Foundation. The 

Knut and Alice Wallenberg Foundation has also supported me with a travel grant to attend the IUCr 

2017 conference. I would also like to thank the Chemistry Department at Umeå University and the 

Electronic structure, Magnetism, and Dynamics group of ESRF with the desk space and other necessary 

work support.  

I heartily thank my close friend Vidya, who brings the positive inspiration in my life. She has 

been one of the pillars of strength while I was writing my thesis.  

In the end, I would like to thank my Family for their support, love, encouragement, and advice. 

Both my elder sisters, who were with me all the time since I started learning. Their contribution might 

not be directly apparent when reading this thesis, but this work is equally theirs as it is mine. Lastly, the 

most important people are my parents. They have always supported me in all my decisions. Though the 

cover page of this thesis displays my name, I feel it is more theirs than mine.  They are my ultimate role 

model and I dedicate my thesis to them.  



 

1 
 

1.0 Artificial Photosynthesis and X-Ray Spectroscopy 

My research is committed to the design, synthesis, characterization and understanding of stable 

and efficient semiconductor photocatalysts from earth-abundant resources. The photoelectrodes 

reported in this work are synthesized from earth-abundant materials such as silicon (Si), titanium 

dioxide (TiO2), cobalt oxide (CoOx), nickel oxide (NiOx), and iron oxide (Fe2O3). This chapter gives a 

brief insight into the selection of the materials studied in this study, presents the importance of 

synchrotron-based X-ray radiation for the characterization of heterogeneous photocatalytic devices, and 

a short description of the synchrotron-based X-ray radiation. 
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 Artificial Photosynthesis: Solar Hydrogen Generation 

Currently, the world’s energy needs are fulfilled mostly by fossil fuels1-4. As per the BP Energy 

Outlook 20185 and the U.S. Energy Information Administration’s Annual Energy Outlook 20186, coal (~ 

30%), natural gas (~ 25%), and oil (~ 35%) are the most common energy resources. The rest of the energy 

generation (~ 10%) is from nuclear or renewable resources such as wind, solar and hydrothermal. The 

major concern in using fossil fuels is the release of greenhouse gases such as carbon dioxide (CO2), which 

is the major contributor to global warming4. The need to find alternative clean energy resources to save 

our planet Earth from severe global warming is imminent7, 8. 

Alternative, clean energy resources must be abundant and eco-friendly9. One of the most 

promising clean energy resources is solar energy. The earth receives almost four million exajoules (1 EJ 

= 1018 J) of solar energy annually, of which almost fifty thousand EJ is estimated to be harvestable (after 

deducting the reflection from the earth’s outer atmosphere, radiation, and thermal losses)10. This energy 

is tens of thousands of times the energy consumed by humans and other living organisms. If a fraction 

of this energy can be harvested, humans can have an answer for all the energy demands, while mitigating 

global warming. Apart from solar energy, Earth is blessed with an abundance of water (mostly in the 

form of seawater in the oceans). The production of usable energy from the abundant solar energy and 

water can be an ideal solution to our future energy needs.  

Among the known green fuels, H2 has the highest specific energy density of 146 MJ/kg11. In 

comparison, fossil fuels such as gasoline, liquefied petroleum gases (e.g., propane, butane…), and diesel 

all have specific energy density less than 50 MJ/kg12. The H2 produced using solar energy can be used as 

a raw material in a fuel cell to produce electrical energy. Theoretically, the combustion of H2 in the fuel 

cells leads to the formation of pure water, which, in liquid form, does not contribute to global warming1.   

Solar light cannot split water into O2 and H2 directly. Instead, a light absorber (semiconductor 

photocatalyst) and often-specific co-catalysts are needed. The device that employs semiconductor 

photocatalyst to split water with the help of solar energy is often referred to as photoelectrochemical 

(PEC) devices. Semiconductor photocatalysts are bad conductors of electricity (insulators) at ambient 

conditions; however, when exposed to solar photons (sunlight), they can generate excitons (electron–

hole pairs) that are available for photoelectrochemical reactions such as water-splitting or for electricity 

production in solar cells8. They have a characteristic band gap energy, which defines their 

thermodynamic capabilities for water splitting and thus their theoretical solar-to-fuel conversion 

efficiency. In other words, the band gap energy dictates the portion of solar energy that can be absorbed 

by a semiconductor photocatalysts. Figure 1.1 a and 1.1 b (adopted from ref 13 and ref 14) show that our 

materials of interest Si and Fe2O3 are capable of generating a photocurrent density above 10 mA/cm2 or 

10% STH (solar-to-hydrogen) efficiency, which is the commercial benchmark set by the U.S. Department 

of Energy (DOE). Moreover, a device capable of generating 10% STH should be able to perform at a 

stable rate for 10 years such that the cost of production should be 10 cents for 1 kW of output power. 

Figure 1.1 b shows the photocurrent densities of Fe2O3 and WO3 against that of TiO2, one of the most 

stable photocatalysts. 



 

3 
 

 

Figure 1.1 a) Co-relation between ultimate solar-to-hydrogen efficiency (left axis) and 

photocurrent density (right axis) as a function of band gap energy of semiconductor 

photocatalysts adopted from ref13 and b) photocurrent density as a function of potential 

(normalized hydrogen electrode-NHE). Conduction band (left bar) and valence band 

edges (right bar) positioned vs NHE adopted from ref14. 

Cost-effective and stable production of solar hydrogen is thus the crux of “artificial 

photosynthesis”. The main components of a PEC device are its working electrode and the counter 

electrode. The counter electrode is usually inert Pt, while the working electrode is a semiconductor 

photoelectrode (photoanode and/or photocathode). A semiconductor photoelectrode capable of 

generating excitons and efficiently oxidizing water (oxygen evolution reaction; OER) is referred to as a 

photoanode. Similarly, a semiconductor photoelectrode capable of generating excitons and efficiently 

reducing water (hydrogen evolution reaction; HER) is referred to as a photocathode14. The 

photoelectrochemical performance of photoelectrodes is generally measured in conventional three-

electrode photoelectrochemical cells, wherein the third electrode is termed a reference electrode. More 

precisely, a three-electrode cell can provide indirect information about the semiconductor 

photoelectrodes: the relationship between an applied bias on the photoelectrodes and the capability of 

photoelectrodes to convert solar energy into useful fuels such as H2 and O2 at this applied bias15. This 

conversion efficiency is referred to as applied bias photon-to-current conversion efficiency (ABPE) 

(more details in the “Materials, Methods and Characterizations” in Chapter 3). On the other hand, two-

electrode measurements provide direct information about the capability of a photoelectrode to convert 

solar energy directly to hydrogen (without applied bias), referred to as solar-to-hydrogen (STH) 

efficiency15. A detailed discussion on efficiencies of the photoelectrodes is presented in the “Materials, 

Methods and Characterizations” Chapter3.  

The hunt for an efficient semiconductor photocatalyst is a major driving force in the field of 

artificial photosynthesis. Since the first demonstration of water photoelectrolysis by Fujishima and 

Honda16 in the early 1970s, there have been many investigations on a variety of materials for the efficient 

conversion of solar energy into usable fuels such as H2. Along with the band gap energy another crucial 

criterion for selecting a semiconductor photocatalyst is its abundance in the earth’s crust (cost-effective 

production), followed by its ability to generate photoexcitons from the absorbed solar photons (effective 

charge transport) and finally its corrosion-resistance properties (long-term stability) in the aqueous 

environment17. The semiconductor photocatalyst that meets all three criteria can then be considered for 

the commercial production of solar fuels. However, so far not a single stand-alone semiconductor 

photocatalyst has met all these criteria. Over the past three decades, various semiconductor materials 

were investigated18. Figures 1.2 a and b (adopted from ref19) show the stability criteria and band edge 

positions for ideal photocathodes and photoanodes, respectively. In other words, a photocathode is 

thermodynamically stable if the conduction band minimum is more negative than 0 VNHE [E (H2O/H2)] 
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and a photoanode is thermodynamically stable if the valence band maximum is more positive than 1.23 

VNHE [E (H2O/H2)]. Figure 1.2c (adopted from ref19) shows some prominent semiconductor 

photocatalysts (at pH 0) and their respective band edge positions with respect to a normal hydrogen 

electrode (NHE) at ambient temperature 298.15 K and at a pressure 1 bar.  

 

 

Figure 1.2: Stability changes in the (a) photocathode and (b) photoanode with reference 

to the redox potential of an electrolyte. (c) Series of semiconductors with their 

calculated reduction potentials Фred (black bars) and oxidation potentials Фox (red bars) 

relative to the normalized hydrogen electrode with respect to vacuum level at pH 0, the 

ambient temperature of 298.15 K and a pressure of 1 bar (adopted from ref18, 19). 

Figures 1.3 and 1.4 (adopted from ref18) display the stabilities of various photocathodes and 

photoanodes studied over the past few years at different pH ranges, respectively. They show that there 

is always a trade-off between the following three outcomes: the PEC performance, the abundance of the 

respective semiconductor photocatalysts (against the use of rare and expensive Pt or RuO2), and the 

ecological impact (e.g., use of CdS or GaAs). A detailed description of the band edges of semiconductor 

photocatalysts and how they affect the photoelectrochemical performance is presented in the “Theory” 

Chapter 2. 
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Figure 1.3: A comparative chart reporting the stabilities of photocathodes examined at 

different pH (adopted from ref18). The chart also illustrates the photocurrent densities 

at the start of the stability tests inside a circle. The change in color from dark red to 

white shows the degree of degradation in the photocurrent density after the stability 

test. 
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Figure 1.4: A comparative chart reporting the stabilities of photoanodes examined at 

different pH (adopted from ref18). The chart also illustrates the photocurrent densities 

at the start of the stability test inside a circle. The change in color from dark blue to 

white shows the degree of degradation in the photocurrent density after the stability 

test. 

As evident from Figures 1.3 and 1.4, great efforts have been devoted to the stability and long-

term efficiency of photocathodes and photoanodes. In most of the photoelectrodes reported in Figures 

1.3 and 1.4, a protective layer in the form of TiO2 or SiOx is applied on the parent semiconductor substrate 

followed by decoration with different co-catalysts20. In the past few years, TiO2 
9, 21-23

 has emerged as one 

of the best stabilizing layers for the semiconductor photoelectrodes at nearly all pH ranges. Moreover, 

TiO2 also helps in the formation of an effective charge transfer interface between the parent 

semiconductor substrate and the co-catalysts9, 23. However, to the best of my knowledge, there are no 

studies that discuss the changes in the electronic structure of TiO2, when TiO2 is employed as a protective 

layer on the surface of a semiconductor substrate. The information about the changes in the electronic 

structure of an interstitial TiO2 layer may prove to be important for designing efficient photocatalysts 

for overall water splitting. One of the best approaches to acquire information at the electronic/atomic 

level of the stabilizing interlayer (TiO2, ZnO2, SiOx…) is X-ray spectroscopy.  

X-Ray Spectroscopy 

X-ray spectroscopy also referred to as inner shell spectroscopy (ISS) is a versatile technique that 

provides element-selective information on the electronic structure, such as the oxidation states and spin 

states, and the local co-ordination geometry and ligands24, 25. Thus, X-ray ray spectroscopy can be 

employed highly effectively for studying heterogeneous photocatalysts.  

In heterogeneous photocatalysis, the catalysts are applied onto the semiconductors mainly in 

two ways: 1) layer-by-layer deposition of co-catalysts, or 2) doping co-catalysts either as stand-alone or 

on the parent semiconductor substrate. Aforementioned sets of samples are schematically presented in 
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Figure 1.5. It is very challenging to pinpoint the prime-mover/s in the heterogeneous catalysts because 

of their complexities. The X-rays from the synchrotron radiation sources provide different probing 

methods to study the two structure types.  

 

 

Figure 1.5: Schematic for two sets of sample configurations where set1 is comprised of a 

semiconductor/conductive substrate with interlayer co-catalysts 1 and co-catalysts 2 

deposited on the substrate in layer-by-layer deposition technique and set2 is comprised 

of a semiconductor/conductive substrate where one co-catalyst is doped (or 

functionalized) with another co-catalyst. 

Unlike X-ray diffraction (XRD), an X-ray-based characterization technique that provides 

information only about crystalline systems, X-ray spectroscopy can provide information about both 

crystalline and amorphous systems26-28. X-ray spectroscopy comes, in two variants: X-ray absorption 

spectroscopy (XAS) and X-ray emission spectroscopy (XES). XAS is a primary process that probes the 

unoccupied orbitals, whereas XES is a secondary process that offers information about the occupied 

orbitals as demonstrated in Figure 1.6. The theoretical concept behind the XAS and the XES is presented 

in  “Theory” Chapter 2. Based on the binding energy (> 4.5 keV for transition metal oxides) of the core 

electrons in a specific element, the incoming X-ray energy is tuned and the element of interest is 

investigated using an X-ray beam. The study presented in this thesis were performed at the High 

Brilliance Beamline (ID-26) of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. 

The “brilliance” of an X-ray beam is defined as the number of photons produced per second per square 

miliradian of angular divergence per square millimeter of a beam within 0.1% of the bandwidth29. 
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Figure 1.6: A simple schematic demonstrating the X-ray absorption spectroscopy (XAS) 

and the X-ray emission spectroscopy (XES). 

A synchrotron is a ring structure that produces high-energy electrons. Any synchrotron has four 

primary components: linac (linear accelerator), booster, storage ring, and insertion devices (ID). The 

free electrons are produced at the linac via an electron gun (similar to the cathode ray tubes). These 

electrons are then accelerated to approximately 200 million volts and then injected into the booster.  

The ESRF booster synchrotron is 300 meters long.  Here, the electrons are accelerated to an energy of 6 

billion electron volts (6 GeV), i.e. the electrons are highly relativistic and travel with a velocity that is 

close to the speed of light. These high-energy electrons are then sent into the storage ring where they 

maintain their energy. The storage ring is a low-pressure tube (10-9 bar) so that the electrons do not 

interact with air molecules, thus avoiding losses. The relativistic electrons are then subjected to a 

magnetic fields to change their direction and, in the process, emit energy. This energy is emitted as X-

ray radiation. Figure 1.7 (inspired from ref30) shows a typical schematic of a storage ring. The X-rays 

generated at the bending magnets (BM) or insertion devices (ID) are guided into the beamline 

experimental stations. Various kinds of measurements can be performed at the beamlines, for instance, 

X-ray imaging, X-ray diffraction, and X-ray spectroscopy. 
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Figure 1.7: Schematic of a storage ring to generate X-rays with major components: 

linear accelerator (Linac), bending magnets (BM), and insertion device (ID) (inspired 

from ref30). 

A BM provides radiation with a very broad spectrum and a comparatively low brilliance.  To 

obtain high-brilliance X-ray radiation, a series of linearly arranged periodic magnets are inserted into 

the storage ring. The relativistic electron is periodically deflected using either a wiggler or an undulator. 

The value of the deflection parameter (K) determines the type of the insertion device (ID) beamline, a 

wiggler-based ID or an undulator-based ID. For X-ray radiation, the highest brilliance is obtained with 

undulator IDs. Figure 1.8 (adopted from ref30) shows the schematic of magnet arrangements at (a) the 

BM and (b) the ID.  All the data presented in the thesis is acquired at ID-26 beamline at the ESRF which 

employs undulators. A detailed explanation of the optics and the beamline operation of ID-26 is 

presented in “Materials, Methods and Characterizations” Chapter 3. 

 

 

Figure 1.8: Schematic of a radiation pattern obtained at the synchrotron radiation 

source by a) bending magnet and b) insertion device. 
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2.0 Theory: Artificial Photosynthesis and X-Ray 

Spectroscopy 

This chapter discusses the basic concepts of solar water splitting and X-ray spectroscopy. In the 

first part of the chapter, I present how the semiconductor oxidizes or reduces water in the presence of 

sunlight and the criteria necessary for achieving an overall solar water splitting reaction. I will also 

discuss the choice of materials I employed in my PhD studies. This chapter will provide detailed insight 

into aspects important for water splitting; for instance, the importance of band-bending in the 

semiconductor photocatalysts, reaction sites at the photoelectrode/electrolyte interface, and the rate 

limiting factors in the overall solar water splitting reaction. In the second part of this chapter, I discuss 

the underlying principle behind high-energy X-ray spectroscopy techniques. In particular, a discussion 

about the X-ray absorption and emission spectroscopies is presented. Insight into different X-ray 

emission probing techniques such as Kα and Kβ fluorescence along with valence to core (vtc) X-ray 

emission spectroscopy is also provided. I conclude this chapter with a brief discussion of resonant 

inelastic X-ray scattering (RIXS) and its significance in designing the next generation of efficient 

photoelectrodes. I discuss the physical origin of the X-ray spectroscopic processes. The thesis does not 

present the mathematical framework of X-ray spectroscopy.  
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Artificial Photosynthesis: Solar Water Splitting 

 

A Brief History 

 

Adriaan Paets van Troostwijk and Jan Rudolph Deiman31 were the first, in 1789, to demonstrate 

that water (H2O) can be split into hydrogen (H2) and oxygen (O2) and that combining the generated 

gases can produce water. These early experiments are described in Ostwald’s textbook on 

electrochemistry32: Adriaan Paets van Troostwijk and Jan Rudolph Deiman used a gold electrode 

assembly in a special cell called ‘Leyden Jar’. Two gold electrodes were sealed at either end of an inverted 

tube filled with water. Electricity was generated from an electrostatic machine and discharged on the 

open ends of the gold electrodes. It was observed, that the water level inside the tube decreased with 

every electric discharge across the gold electrodes, an indication for the conversion of water into H2 and 

O2 (i.e. water splitting). Eventually, the electrodes lost contact with water and the next electrostatic 

discharge lead to an explosive spark through the gas phase resulting in the recombination of H2 and O2 

back to water. Later, in March 1800, Alessandro Volta, with his invention of the ‘electric pile’33 (copper–

zinc battery), established a source for direct current. Nicholson, Carlisle, and Cruickshank34 combined 

the two technologies, to report the first electrolytic water splitting (using DC power source) in July 1800.  

Not much later, Edmond Becquerel reported the ‘photovoltaic effect’35 in 1839. The ‘photovoltaic 

effect’ is the generation of voltage and current in a material when exposed to light. The next important 

discoveries on the semiconductor/electrolyte interfaces were reported in the 1950’s when Brattain and 

Garret36-39 and 10 years later Gerischer40-42 built the necessary foundation for semidconductor 

photocatalysis. In 1972, Fujishima and Honda16 demonstrated the first working device for solar water 

oxidation using a thin film of TiO2 semiconductor. This discovery by Fujishima and Honda led to the 

foundation for semiconductor based solar water splitting. Since then a hunt for efficient photocatalysts 

and devices has been going on. Among the various semiconductor photocatalysts researched so far, Si9, 

43-49, TiO2
50-53, Fe2O3

54-59, CuO2
60-63, BiVO4

64-70, CoOx
23, 71-74, ZnO2

75-78, WO3
79-84, GaN85-88, g-C3N4

89-93, and 

various pervoskites94-97 have gained special attention. Each of these photocatalysts has their pros and 

cons with respect to earth abundance, toxicity, stability and fabrication cost. Thus, there is still a need 

for an efficient, stable and robust semiconductor photocatalyst/device that can help to provide energy 

carrier for future generations. 

Semiconductor-Based Photo-/Electrocatalysis 

 

Semiconductors are generally categorized into three types: a) intrinsic, b) n-type and c) p-type. 

A pure semiconductor without any impurties (or dopant) is an intrinsic semiconductor. The process of 

adding donor or acceptor impurties into an intrinsic semiconductor is called doping. When an intrinsic 

Si semicondutor is doped with electron donor elements like arsenic, antimony or phosphorous, it 

realeases a mobile electron into the crystal lattice and is thus termed negatively doped or n-type 

semiconductor. Similalry, when an electron acceptor element like boron or indium is introduced as 

impurities into an intrinsic Si semicondcutor, it creates a hole by accepting an electron from the crystal 

lattice and thus referred to as positively doped or p-type semiconductor.  Semiconductor 

photoelectrodes (SPEs) have a conduction band (CB) edge and a valence band (VB) edge. These edges 

are seperated by the band gap energy (Eg). One of the most important concepts in solid state 

semicondutors is the “Fermi Energy level” (EF).  It is the energy level in the semiconductor where the 

probablity of finding an electron is 50%. In the intrinsic semiconductor, the EF lies excatly at the 

midpoint between a CB and VB (Figure 2.1 a).  In an n-type semiconductor, the addition of donor 

impurities moves the electron energy level higher in the band gap region such that the electrons can be 

easily excited into the conduction band. Similalry in the p-type semiconductor, the addition of acceptor 

impurites moves hole level lower in the band gap region such that the electrons can be easily excited 

from the valence band. Thus, for an n-type semiconductor, the EF lies just below the CB, and for a p-type 

semiconductor, the EF lies just above the VB (Figure 2.1 b and c).  
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Figure 2.1: Schematic of the Fermi energy levels in semiconductors (a) intrinsic, (b) n-

type, (c) p-type. 

As shown in Figure 2.2 and equation 2.1, once a photon (light) with an energy greater than or 

equal to the band gap energy of the semiconductor hits the semiconductor, excitons (electrons/holes 

pairs) are generated. In other words, the incoming photon energy excites the electrons in the valence 

band, resulting in the transition of an electron to the conduction band of the semiconductor 

photoelectrodes (SPEs), leaving behind a hole in the valence band. These electrons and holes at their 

respective new positions reduce and oxidize water to photogenerate H2 and O2 respectively.  

                                              𝑆𝑃𝐸𝑠 
4ℎ𝜈
→  4𝑒− + 4ℎ+         Eq.2.1 
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Figure 2.2: Schematic representation of an SPE illuminated by solar photons, resulting in 

the creation of excitons and their respective reaction sites for oxidation and reduction of 

water. 

All chemical reactions need some driving force to convert reactants to products; the change in 

energy during a reaction is termed Gibbs free energy change. The Gibbs free energy change associated 

with the water splitting/recombination is + ΔG0 = 237 kJ/mol, which makes it an uphill reaction. This 

energy can be translated into electrochemical potential according to the Nernst equation as ΔE0 = 1.23 

V. The water oxidation is a 4e- transfer pathway. The reaction pathways for the overall water splitting 

can be presented as follows.  

Alkaline electrolyte:  

4𝐻2𝑂 + 4𝑒
−  ↔ 2𝐻2 + 4𝑂𝐻

−     𝐸𝑟𝑒𝑑
0 = - 0.828 V vs. NHE       Eq. 2.2 

 4𝑂𝐻− + 4ℎ+ ↔ 2𝐻2𝑂 + 𝑂2    𝐸𝑂𝑥
0 = - 0.401 V vs. NHE           Eq. 2.3 

Acidic electrolyte: 

4𝐻+ + 4𝑒−  ↔ 2𝐻2     𝐸𝑟𝑒𝑑
0 = + 0.000 V vs. NHE                       Eq. 2.4 

2𝐻2𝑂 + 4ℎ
+  ↔ 4𝐻+ + 𝑂2  𝐸𝑂𝑥

0 = - 1.229 V vs. NHE              Eq. 2.5 
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Alternatively, the reactions can be represented as 

                                                 4ℎ𝜈 → 4𝑒− + 4ℎ+                        Exciton Generation 

                                 4ℎ+ + 4 𝑂𝐻−  →  𝑂2 + 2𝐻2𝑂                Anode 

                                4𝑒− + 4𝐻2𝑂 → 2𝐻2 + 4𝑂𝐻
−              Cathode 

                                                          2𝐻2𝑂 + 4ℎ𝜈 →  𝑂2 + 2𝐻2          𝑂𝑣𝑒𝑟𝑎𝑙𝑙 

As evident from equations 2.2 to 2.5, electrochemical reactions have their respective theoretical 

electrochemical potentials. In other words, ideally, the semiconductor photocatalyst must have a band 

gap of more than 1.23 eV to generate the required potential for performing solar water splitting. 

However, in practice, there are losses (such as electrolyte resistance, thermal losses, overpotentials due 

to surface states/defects) associated with the PEC system, which increase the overall photo-

/electrochemical potentials of the PEC device. Typically, when the semiconductor photoelectrodes are 

immersed in aqueous solutions, a fermi band equilibrium is achieved because of the divergent 

electrochemical potentials of the photoelectrode (fermi level) and that of the electrolyte (redox 

potentials). Figure 2.3 shows a schematic for the origin of the “depletion layer” in the SPEs when in 

contact with electrolyte. This setup leads to the flow of charge across the photoelectrode and the 

electrolyte interface resulting in the “band-bending” in the photoelectrode. During the process, the SPE 

gets an excess charge at the surface (~ 10 to 1000 Å towards the bulk or bending width); this region is 

referred to as the “space charge region” (SCR) with an associated electric field. To equilibrate, there is 

an additional electrical double layer formation across the photoelectrode/electrolyte interface that is 

known as Helmholtz double charge layer. 
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Figure 2.3: Schematic of SPEs showing the origin of the depletion region when in contact 

with redox electrolyte a) n-type SPE and b) p-type SPE. 

For n-type semiconductor photoelectrodes, the EF is close to the CB; in the open circuit 

condition, the EF is generally at a higher potential than the redox potential of the electrolyte [Figure 2.1 

(b)]. The EF difference results in upward band bending (net positive charge at the SCR) at the 

photoelectrode to equilibrate it with the electrolyte [Figure 2.3 (a)]. This, in turn, results in the transfer 

of electrons from the photoelectrode to the electrolyte solution via external circuit. As the majority 

charge carriers (electrons) are now removed from the SCR of the photoelectrode, it is also referred to as 

the “depletion” region or layer. Similarly, for a p-type semiconductor photoelectrode, a downward band-

bending occurs due to the electron transfer from the solution to the photoelectrode [Figure 2.3 (b)].  As 

the holes are removed from the SCR, the region is again termed as “depletion” region or layer. Ideally, 
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the degree of band-bending (width of SCR) dictates the charge transfer across the 

photoelectrode/electrolyte surface. The larger the width of SCR, the higher is the charge carrier 

generation and the better is the charge transfer [assuming that the minority charge carriers have a better 

diffusion length (holes for photoanode and electrons for photocathode)]. If the diffusion length limits 

the charge carrier mobility, then it is necessary to have a thin film of SPEs, so that the SCR width matches 

the thickness of the SPEs and recombination losses can be suppressed. 

Typically, the photoelectrochemical performance of a semiconductor photoelectrode is 

measured at an applied potential, which affects the degree, magnitude, and direction of the band-

bending. In other words, the width of the SCR can be enhanced at increased potentials (increased anodic 

and cathodic potentials for n-type and p-type semiconductor photoelectrodes, respectively). This gives 

rise to three possible scenarios as shown in Figure 2.4 and 2.5. 

1) The applied potential (V) is such that no net transfer of charge occurs across the interface. This 

potential is thus known as the “flat band” potential (Vfb). At Vfb, there is no bend-bending and 

hence no SCR. This is valid for both types of semiconductor photoelectrodes. 

2) If the applied potential is greater than the Vfb, a depletion region is formed for the n-type 

semiconductor photoelectrodes and an “accumulation layer” for the p-type semiconductor 

photoelectrodes. The accumulation layer is defined as the region where an excess of majority 

charge carrier is amassed.  

3) If the applied potential is smaller than the Vfb, an accumulation layer is formed for n-type 

semiconductor photoelectrodes and a depletion region for the p-type semiconductor 

photoelectrodes.  
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Figure 2.4: Effect of applied potential on the space charge region of n-type SPE in three 

possible scenarios a) V > Vfb, b) V = Vfb , and c) V < Vfb 
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Figure 2.5: Effect of applied potential on the space charge region of p-type SPE in three 

possible scenarios a) V > Vfb, b) V = Vfb , and c) V < Vfb 

 

 

The formation of an accumulation or a depletion layer in the semiconductor photoelectrodes is 

significant in terms of the charge transfer capabilities of the photoelectrodes. If the photoelectrodes have 

an accumulation layer (excess of majority charge carriers for charge transfer), the photoelectrodes are 

expected to perform like a metallic electrode, which is reverse for photoelectrodes with a depletion layer. 
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The flat band potentials can be determined by electrochemical impedance spectroscopy (EIS) 

and the Mott–Schottky relationship. EIS is performed by sweeping the working electrode potential as a 

function of frequency. The EIS data are used to determine the capacitance of the space charge region 

(how much charge an SCR can have under different potentials) by using an equivalent circuit comprising 

capacitance and resistance elements. The choice of an equivalent circuit majorly depends on the photo-

/electrochemical environment. Thus, EIS can provide information about the bulk of the SPEs and about 

the SPE/electrolyte interface. In other words, by fitting the EIS data using a series/parallel circuit, a 

charge transfer kinetics at the electrode and electrode/electrolyte interface can be determined. The 

capacitance can then be used to determine the flat band potential and the charge carrier concertation 

using the Mott–Schottky relationship (a detailed interpretation is presented in Chapter 4- Results).  

 

Figure 2.6: A schematic depicting the working principle of an n-type SPE under 

illumination demonstrating the water-splitting mechanism at alkaline conditions. 

 Figure 2.6 shows the changes in the band equilibrium of an n-type photoanode when immersed 

in an aqueous solution and the shift in the fermi energy upon illumination [also referred to as the “quasi-

fermi level” (E*
F)].  The important criteria that should be fulfilled by the SPE for solar water splitting are 

that the VB potential must lie more positively than the O2/H2O redox potential (1.23 V vs. NHE) and the 

CB potential must lie more negatively than the H+/H2 redox potential (0.00 V vs. NHE). The first process 

(1) presented in Figure 2.6 is the illumination of SPE in the redox electrolyte. The second process (2) is 

a combination of generation, separation, and migration of excitons (charge carriers) towards reactive 

sites (reductive site for H2 generation and oxidative site for O2 generation). Based on the properties of 

SPE and the electrochemical environment, the photogenerated charge carrier may recombine in the bulk 

of SPE or at the surface. The charge carriers that do not recombine and reach the reactive sites result in 

the solar water splitting reaction that is depicted as the third process (3) in Figure 2.6. 
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Next-Generation Solar Water Splitting Devices 

 

The photogenerated charge carrier transfer explained in the previous section (Figure 2.6) for 

the simple n-type semiconductor photoanode is measured against Pt as a counter electrode. With over 

four decades of solar water splitting research, the hunt for the commercially viable solar water-splitting 

device is still ongoing. Replacing Pt as a counter electrode with an effective semiconductor photocathode 

is the crux of the modern-day artificial photosynthesis. To fabricate an efficient Pt-free PEC device, the 

photoelectrodes need to be synthesized from earth-abundant materials with a suitable band gap energy 

to absorb a larger portion of the solar spectrum. In addition, finding a favourable aqueous environment 

for both types of photoelectrodes to achieve an efficient PEC performance for longer duration is a major 

concern as most of the photoanodes or photocathodes favour either  alkaline or  acidic environments, 

respectively14, 15, 18, 98.  

 

A commercially viable alternative could be the use of a dual photoelectrode PEC device 

configuration that employs semiconductor photoelectrodes as the photocathode or photoanode for the 

overall water splitting reaction instead of expensive Pt as the counter electrode. Dual photoelectrode 

PEC devices have mainly two configurations: a tandem mode (photoanode and photocathode are stacked 

behind each other) and a parallel-illumination (photocathode and photoanode next to each other) mode. 

Several studies reported on employing dual semiconductor photoelectrodes in the tandem mode63, 99-102 

or in parallel-illumination103-105 conditions using p-type photocathode or n-type photoanodes. The 

tandem mode PEC device has shown great promise; however, it comes with the complexity of the device 

fabrication. Tandem PEC devices are generally comprise of a photoelectrode/photovoltaic69, 101, 106 and a 

photoanode/photocathode assembly63, 68. In both the scenarios, the front photoelectrode (photoanode) 

needs to be semi-transparent with a wide bandgap energy and the rear photocathode must have a narrow 

band gap energy. Thus, the tandem PEC device allows an efficient use of solar energy with some photons 

exciting the front photoanode and rest of the photons (those not absorbed by the photoanode) generate 

the photo-excitons at the rear photocathode.  The photoelectrodes arranged in the parallel-illumination 

mode replicate the Z-scheme of natural photosynthesis and thus form another promising PEC device 

configuration that has the potential to harvest abundant solar energy effectively. The parallel-

illumination mode, also refered to as the D4 scheme, requires four photons to produce one molecule of 

hyderogen as opposed to an S2 scheme, where single photo-electrodes require two photons. The future 

pathway for efficient utilization of abundant solar energy and its conversion into usable fuels is depicted 

as a function of cost in Figure 2.7. My thesis is primarily focussed on the parallel illumination mode PEC 

device configuration [Figure 2.7 (c)] wherein the SPEs were fabricated from earth-abundant materials. 

Thus, in Paper I, I hunt for the best photcathode, that is fabricated from the earth abundant mateirals 

and can be employed for building parallel illumination (for Paper II and III) PEC devices by combining 

with an efiicent earth abundant photoanode.  
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Figure 2.7: Next generation solar harvesting and fuel generation devices placed as per 

operation cost. (a) photovoltaics and PEC combination (b) tandem PEC (c) parallel 

illumination PEC (inspired by ref 107). 

The major challenge while designing a Z-scheme device is the positioning of the respective band 

edges where the valence band minimum of the photoanode should preferably lie at lower electrochemical 

potentials than the redox potential for O2 evolution. Similarly, the conduction band maximum of the 

photocathode should preferably lie at higher electrochemical potentials than the redox potential for H2 

evolution. The parallel-illumination excitation of the dual photoelectrode in a PEC device is still largely 

underexplored. Very few studies report on the parallel-illumination excitation of dual photoelectrodes. 

Most of these studies employ rare and expensive photocathodes such as In2S3
108, CdS109 or CIGS110. 

Silicon (Si) and hematite (α-Fe2O3) are among the most promising candidates for overall PEC water 

splitting as they are earth abundant and have suitable band gaps of 1.1 eV and 2.1 eV, respectively. 

Moreover, the thermodynamic solar-to-fuel conversion capability of Si and α-Fe2O3 are ~ 43% and ~ 15 

%, respectively, making them to the frontrunners and to the main focus of this thesis.  

 

 
 

Figure 2.8: A schematic of parallel illumination of SPEs with desired band edge positing 

depicting a “Z” scheme charge transfer for overall efficient water splitting. 
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In Paper II, I report a higher photocurrent density for a pristine hematite photoanode when 

coupled to a p-Si/TiO2/NiOx photocathode in parallel illumination mode as compared to Pt (Figure 2.8).  

Moreover, the co-catalysts selected to decorate the Si photoelectrode are earth abundant transition metal 

oxides and synthesized using a solution based approach. Highly stable TiO2 is applied as a thin layer (~ 

50 nm) on the surface of Si photoelectrodes. This TiO2 layer is commonly assumed to have a dual 

function: it hosts the co-catalysts and it provides an efficient charge transfer pathway between the co-

catalysts and the Si photoelectrode substrate. The role of this important interstitial TiO2 layer and its 

interplay with the co-catalysts is studied in detail in this thesis by using X-ray spectroscopy and is 

presented in Paper III. 

Thus, the following criteria need to be fulfilled while fabricating an efficient photoelectrode for 

overall water splitting: 

1) A photosensitizer, sensitive to a large fraction of the solar spectrum, yet producing the right 

potentials for driving water oxidation and reduction reactions. 

2) A charge separation site coupled to an efficient electron and hole transport to the respective 

catalytic sites.  

3) Reductive and oxidative catalysts that perform the two half-cell reactions (Eq. 2.2 to 2.5) with 

minimal energy losses (overpotentials) and at high rates.  

 

X-Ray Spectroscopy 

Investigation of the electronic structure and local coordination of the main components of a 

heterogeneous semiconductor photoelectrode is of paramount importance. Element-specific techniques 

such as inner shell spectroscopy (broadly referred to as X-ray spectroscopy) can prove to be helpful in 

studying each component of the photoelectrodes and thus developing insights into the designing of 

efficient next-generation PEC devices. This work focusses on the importance of the interstitial TiO2 layer 

and the interface between Si MW/TiO2 and TiO2/co-catalysts. Therefore, most of the data are acquired 

at the Ti edge. The co-catalysts used to functionalize the Si photoelectrodes in the present study are 3d 

transition metal oxides. Element-specific inner-shell spectroscopy (ISS) is employed to study the 3d 

shell of the transition metal oxides. X-ray spectroscopy can be divided into three regimes based on the 

X-ray energy, i.e. the soft X-ray regime (< 1 keV), the tender X-ray regime (between 1 to 4.5 keV), and 

the hard X-ray regime (> 4.5keV). The hard X-ray regime is used for the current study. An incoming X-

ray beam can excite a core electron with an energy equal to or greater than its binding energy. The 

absorption coefficient () is defined in the Beer–Lambert’s law: 

                                           𝐼𝑡  (𝑡) =  𝐼0𝑒
−𝜇(𝐸)𝑡     Eq. 2.6 

where I0 is the incident intensity and It is the transmitted intensity from a sample of thickness t. The 

energy-dependent X-ray absorption coefficient is approximately given by dZ4/mE3 (d is the density, Z is 

the atomic number, and m is the mass number of the target species). This means that as the photon 

energy increases, µ(E) decreases (see Figure 2.9). When the photon energy reaches or exceeds the 

binding energy of a core electron, a photoelectron is created leaving a core hole trace. The absorption 

coefficient shows a sharp increase at the binding energy. This forms the basis of X-ray absorption 

spectroscopy. 
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Figure 2.9: a) Schematic of incident beam Io passing through a sample of thickness ‘t’ 

resulting in the transmitted beam of intensity It  and b) change of the absorption 

coefficient as a function of the photon energy near the absorption edge. 

X-Ray Absorption Spectroscopy 

 

The incident X-ray photon with an energy greater than or equal to the binding energy of a core 

electron excites the atom to an excitonic state below the ionization threshold or to a free electron above 

the ionization threshold. The electron binding energy depends on the atomic number Z and hence inner-

shell spectroscopy is element-selective. The energy of an incoming X-ray photon can be precisely tuned 

to an appropriate absorption edge and the element of interest can be studied. The core hole is filled by 

an electron from a higher orbital in a secondary process giving rise to X-ray emission. X-ray spectroscopy 

is the analysis of the fine structure in an absorption or emission spectrum. If the incoming X-ray photon 

is tuned to excite the core electron from the K shell of an atom, it is referred to as the K-edge absorption 

spectroscopy; similarly defined are the L1, L2, L3-edge absorption spectroscopies (see Figure 2.10). The 

XAS spectra can be interpreted using a finger print approach or using computational models (density of 

states model). Figure 2.11 shows a typical XAS spectrum acquired at Ti K-edge illustrating the important 

regions.  

 

The resultant X-ray absorption spectrum has three main features: 

a) Pre-edge peak(s) 

b) X-ray absorption near edge structure (XANES) 

c) Extended X-ray absorption fine structure (EXAFS) 
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Figure 2.10: Schematic showing the origin of nomenclature for absorption edges. 
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Figure 2.11: Typical illustration of XAS spectrum, illustrating the three pre-edge peaks for 

different TiO2 samples, the ‘edge’ region (sharp increase in the spectrum around 4977 eV) 

and the ‘post-edge’ or EXAFS region (after ~ 4990 eV). 

Pre-edge peak 

The pre-edge region is shaped by transitions to the lowest unoccupied orbitals that in a 3d 

transition metal have mainly 3d character. This region is particularly sensitive to the atomic geometry 

around the target atom. The pre-edge spectral intensity arises from the quadrupolar 1s-to-3d transition 

in case of inversion symmetry around the absorber atom. Often, breaking of inversion symmetry allows 

mixing of p-symmetry into the orbitals allowing for dipole intensity in the pre-edge region. For instance, 

the K-absorption pre-edge peak of TiO2 has three distinct peaks generally referred to as A1, A2, and A3. 

The A1 and a small shoulder on A2 are an indication of quadrupolar 1s-to-3d transitions, while the A2 

and A3 peaks are an indication of dipolar transitions for the Ti 1s shell. Overall, the pre-edge peak gives 

definitive information on the transition of a core electron to an unoccupied orbital. Thus, the pre-edge 

peaks can provide information on the local geometry, spin-state and the covalence of the target atom. 

Edge: XANES 

The sharp rise in the absorption spectrum is referred to as an edge [transition from 1s to np]. 

The edge is typically a signature of the oxidation state of the target atom. The edge shifts to higher energy 

with an increase in the oxidation number. Typically, with the change in every oxidation unit, the edge 

shifts by ~ 1 to 2 eV. XANES can provide information about the geometric structure, metal–ligand 

overlap and oxidation state. It is advisable to collect the XANES data for the known reference compounds 

to have a reliable comparison set for the experimental samples.  
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EXAFS 

As an electron is excited above the ionization energy, it is no longer bound to the atom and 

carries a kinetic energy. EXAFS in a 3d transition metal ion arises from the transition of a 1s electron 

above the ionization level, i.e. into the continuum.  In the presence of neighboring atoms, the 

photoelectron interacts with their potential. This can be viewed as a scattering process giving rise to 

interference patterns of the electron wavefunction. This interference effect modulates the absorption 

coefficient and is referred to as the extended X-ray absorption fine structure. Thus, the EXAFS analysis 

provides information about the neighboring atoms, local geometry and bond length. In this study, the 

EXAFS analysis and interpretation were not performed; however, the EXAFS data at the Ti, Fe, Ni, and 

Co edges have been acquired. 

X-Ray Emission Spectroscopy 

In ISS, XAS is a primary process (to study unoccupied orbitals), wherein the core electron is 

excited to create a core hole. This newly created core hole is filled by an electron from a higher energy 

level. This transition (decay) of an electron from an upper energy level to the core hole results in the 

emission of light energy. This emitted X-ray photon is then recorded and analyzed. With the selection of 

a suitable crystal analyzer in the spectrometer, one can select the transition/emission lines one wants to 

study. Further details are provided in Table 1 of Chapter 3 for the selection of crystal analyzers for the 

respective emission lines. In brief, if a transition is from L to K, the resulting emission /fluorescence line 

is termed the Kα emission line; similarly, if it is from M to K, it is a Kβ fluorescence line. The origin of 

Kα and Kβ emission lines is presented in Figure 2.12. 

 

Figure 2.12: One electron energy diagram showing the origin of K- fluorescence emission 

lines. 

Kα emission line 

As shown in Figure 2.12, the Kα emission line arises from the transition of an electron from the 

L shell to the K shell. L and M fluorescence lines are defined similarly. Now due to 2p spin-orbit coupling, 

2p electrons fill a 1s core hole, by splitting the K α line into two characteristic K α1 and K α2 lines. The 

Kα fluorescence line is the most intense line, approximately eight times stronger than the Kβ main 

fluorescence line and approximately 500 times more intense than the Kβ lines.  
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Kβ emission line 

The Kβ emission line arises from the 3p–1s electron transition. The “exchange interaction” 

between 3p and 3d gives rise to two features in the Kβ main emission line, i.e., Kβ1,3 and Kβ’. A theoretical 

explanation provided in previous studies111, 112 suggests that the strong interaction between the 2p or 3p 

electron shell and the valence orbital ought to be the prime reason for the chemical sensitivity of the K 

and K lines. The peak positions of the Kβ emission line provides information on the spin state of the 

electrons in the 3d shell. Consequently, the Kβ main fluorescence line provides information about the 

oxidation number. The Kβ satellite lines are also referred to as valence-to-core (vtc) emission lines. They 

have been named Kβ2,5 and Kβ’’ lines (Figure 2.13). The vtc-XES evolves due to transitions from occupied 

orbitals just below the Fermi level. These orbitals are strongly mixed between the metal and the ligand. 

The vtc-XES may contain information about the bandgap change in the semiconducting materials. The 

vtc-XES also helps to determine the valence electronic structure of molecular complex113. Figure 2.14 

shows a total energy diagram for Ti in its formal oxidation state of +IV. An illustrative example for the 

TiO2 fluorescence lines: Kα1, Kα2, Kβ1,3, Kβ2,5 and Kβ’’ are presented in Figure 2.15. 

 

 

 

Figure 2.13: One electron energy diagram showing the origin of vtc-XES in TiO2. 
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Figure 2.14: Total energy diagram of a system containing Ti in formal oxidation state +IV. 

The energy levels for the ground (ǀg>), intermediate (ǀn>) and final (ǀf>) states are 

approximated using atomic configurations and a single-particle picture of the electronic 

transitions. Closed shells are omitted for clarity. Blue lines indicate that each 

configuration corresponds to a collection of several many-body states. Rectangles 

symbolize a band state, where the notation (p) represents mixed states between the 

atomic 4p level and the bands of the solid. The notation (L) corresponds to a hole created 

on a ligand orbital. Solid-line arrows indicate the absorption edge that allows the 

corresponding excited state to be reached directly, i.e., in one-step. Dashed-line arrows 

indicate the emission line that allows excited states of lower energies to be reached in a 

second-step, i.e. after a core hole has been primarily created. Inspired by Figure 2.3 in 

ref114. 
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Figure 2.15: K-shell fluorescence lines acquired for our TiO2 sample, shows the intensities 

of Kα1, Kα2, Kβ1,3, Kβ2,5, and Kβ’’ peaks. 

 

Resonant Inelastic X-ray Scattering (RIXS) 

The excitation of core electron in the K-edge or L-edge excitation results in the creation of the 

core hole with a lifetime broadening, which in turn determines the width of the XAS spectrum. The core 

hole is filled by an electron from a higher level resulting in the fluorescence while filling the core hole. 

This process of filling of the core hole during the fluorescence can be observed when the incoming X-ray 

energy is scanned through an absorption edge. This is referred to as the resonant XES or resonant 

inelastic X-ray scattering (RIXS)24, 115. A 2D RIXS plane can be obtained by plotting the incident X-ray 

energy and the energy transfer during the filling of the core hole. Theoretically, RIXS is explained by the 

Kramers–Heisenberg scattering equation24. Figure 2.16 shows a simple schematic illustration of the 

photon-in/photon-out spectroscopy (RIXS). Thus, RIXS is a combination of both XAS and XES. When 

the ground state (ǀg>) is excited with an incident X-ray energy of Ω = hν1, a core hole is created at the 

ground state, which is a typical XAS process. The excitation of the ground state and its electronic 

configuration is represented in the intermediate state (ǀn>). Similarly, filling of the core hole with an 

upper-level electron will generate fluorescence of energy ω = hν2, indicating a final state (ǀf >) with a 

hole in the upper-level orbital. The lifetime broadening of Ω = hν1 is found to be longer than that of ω = 

hν2. The difference between the energies of the initial state and the final state (Ω – ω) is the energy 

transfer and is plotted against the incident X-ray energy to obtain a 2d RIXS map. The horizontal slice 

(line scans) of RIXS maps relate to the X-ray absorption process, while the vertical slice elucidates the 

resonant XES spectrum. RIXS is often used to analyze the pre-edge features for 3d-transition metal 

complexes. Figure 2.17 (adopted from Glatzel et.al115) shows the vertical and horizontal slice of 2d RIXS 

plane for TiO2.  
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Figure 2.16: Typical RIXS energy scheme for a 3d transition metal. For simplicity, atomic 

configuration is used and only 1s-3d excitations are shown. Inspired by Fig 19 in ref 24. 
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Figure 2.17: Bottom left: RIXS plane for the system in Figure 2.14 with the incident energy 

plotted versus the energy transfer (or final state energy). The lifetime broadenings Γn and 

Γf are indicated. Top left and bottom right: line scans obtained from the RIXS plane at the 

constant final state and constant incident energy. Top right: constant emission energy 

scan (diagonal cut through RIXS plane) compared to an absorption spectrum (adopted 

from ref115). 
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3.0 Materials, Methods, and Characterization 

This chapter discusses the synthesis of semiconductor photoelectrodes [e.g., silicon microwires 

(Si MWs), mesoporous TiO2, and co-catalysts] employed in the PhD study. I also present here the 

techniques employed for the morphological and elemental characterization of these photoelectrodes. 

The morphological and elemental characterization is performed using scanning electron microscopy 

(SEM) equipped with an energy-dispersive X-ray (EDX) detector and X-ray photoelectron spectroscopy 

(XPS). I collected the SEM images at the Umeå Core Facility for Electron Microscopy Facility (UCEM), 

while the SEM/EDX mapping was performed under the supervision of Dr. Cheng Choo Lee (Nikki). Dr. 

Andrey Shchukarev performed and collected the XPS spectra. Robin Sandström collected TEM images. 

The photoelectrochemical performance of the photoelectrodes was analyzed using conventional 

photoelectrochemistry such as linear sweep voltammetry (LSV) and electrochemical impedance 

spectroscopy (EIS). The changes in the electronic structures of the photoelectrodes were studied using 

X-ray spectroscopy at the ID-26 beamline of ESRF.  
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Photoelectrode Fabrication 

 

The materials chosen for my PhD research studies were p- or n-type silicon microwires (as the 

substrate), titanium dioxide as the interstitial or stabilizing layer to fabricate the Si MW/TiO2 

heterostructure, and different metal oxides (MOs) as co-catalysts to produce the final photoelectrode 

device as Si MW/TiO2/co-catalysts. Thus, the entire photoelectrode device was produced using simple 

solution-based techniques. 

Fabrication of Si MWs 

 

Si MWs were synthesized using the metal-assisted wet chemical etching (MACE) method as 

reported by Peng et al.116, 117 Silicon wafers (both p- and n-type) were purchased from Siegert Wafer, 

Germany. The silicon wafers were double side polished and were of different diameters (75–150 mm) 

and thicknesses (150–500 µm). The resistivity of the wafers was between 1 and 10 Ω-cm. The MACE 

method requires two etching electrolytes; in my study, electrolyte 1 (E1) comprised of hydrogen fluoride 

(HF) and silver nitrate (AgNO3) and electrolyte 2 (E2) comprised of HF and hydrogen peroxide (H2O2). 

HF and H2O2 were purchased from Alfa Aesar, and the rest of the chemicals used in the study were 

purchased from Sigma-Aldrich unless mentioned otherwise.  

The as-received Si wafer was first cut into 2×2 cm2 pieces using a diamond scriber. The pieces 

were then transferred stepwise into small beakers filled with acetone and isopropanol, ultrasonicated 

for 15 minutes each, and subsequently cleaned with deionized water followed by air-drying. The air-

dried samples were then immersed in the piranha solution (H2SO4 + H2O2 in 3:1 by volume) for 20 

minutes and then rinsed with water followed by air-drying. The samples were then kept in a desiccator 

until they were moved into the E1 solution. The E1 solution, containing 4.6 M HF and 0.02 M AgNO3, 

was prepared in a Teflon vessel. Considering the corrosive and toxic nature of HF, all experiments were 

performed in a fume hood, with appropriate use of protective gears. The clean Si pieces from the 

desiccator were then immersed in the Teflon vessel containing E1 for 2 minutes, to deposit Ag 

nanoparticles on the surface of Si. Then the Ag nanoparticle-decorated Si pieces were shifted to another 

Teflon vessel containing E2, which contained 4.6 M HF and 0.02 M H2O2. The Ag nanoparticle-coated 

Si pieces were etched in E2 for different time intervals ranging from 5 to 45 minutes. The etching of Si 

in HF results in the formation of microwire morphology. The length of Si microwires was directly 

proportional to the etching time. During MACE, there is a formation of greenish black silver dendritic 

debris on the surface of Si pieces. The debris was removed by rinsing in water-diluted NaOH solution 

(3:1 in volume). The debris-free etched Si with Si MWs appear black in color and are also referred to as 

“black silicon.” The as-synthesized Si MWs were then transferred into the desiccator until used. 

 

Synthesis of TiO2 Sol-Gel 

 

The TiO2 sol was prepared using a sol-gel route. Titanium (IV) butoxide (TIB, Ti-

(OCH2CH2CH2CH3)4, MW: 340.32), 2-butanol, HCl (35.5%), and Pluronic P123 (MW: 5800) were 

purchased from Sigma-Aldrich. TIB, HCl, P123, and 2-butanol were mixed in the molar ratio of 

1:2:0.013:9. TIB and HCl were mixed in a separate vial and kept under rigorous stirring for 1 hour. In 

another vial, Pluronic P123 and 2-butanol were mixed using an ultrasonic probe for 1 hour. The solutions 

from the two vials were then transferred into a different vial and kept under rigorous stirring for 24 

hours. The TiO2 sol thus obtained was stored in the dark until further use. 
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Synthesis of Metal Oxide Sols 

3d transition metal oxide salts were used to prepare the metal oxide (MO) sols. MO sols of 

vanadium, chromium, manganese, cobalt, nickel, copper, zinc, palladium, and niobium were 

synthesized using simple solution-based procedures described below. All the chemicals were purchased 

from Sigma-Aldrich.  

Vanadium Oxide (V2Ox) 

V2Ox sol was prepared by rigorously stirring analytical-grade 0.3 M V2O5 in Millipore water for 15 

minutes followed by dropwise addition of 0.05 M H2O2 under continuous stirring for another 30 

minutes. The V2Ox sol was then kept in the dark until further use. 

Chromium Oxide (CrOx) 

CrOx sol was prepared by rigorously stirring 0.3 M chromium (II) chloride in Millipore water for 15 

minutes followed by dropwise addition of 0.02 M nitric acid under continuous stirring for another 60 

minutes. The CrOx sol was then kept in the dark until further use. 

Manganese Oxide (MnOx) 

MnOx precursor solution was prepared by rigorously stirring 0.3 M manganese (II) chloride tetrahydrate 

in Millipore water for 60 minutes. The homogenous solution was then kept in the dark until further use. 

Cobalt Oxide (CoOx) 

CoOx sol was prepared by rigorously stirring 0.5 M Co(NO3)2 · 6H2O (99.999% on a metal basis) in 

Millipore water for 30 minutes followed by dropwise addition of 0.1 M NH3 under continuous stirring 

for another 30 minutes. The CoOx sol was then kept in the dark until further use. 

Nickel Oxide (NiOx) 

NiOx sol was prepared by rigorously stirring and dropwise addition of 0.1 M isopropanol into a stirred 

0.5 M nickel acetate tetrahydrate (Ni(OCOCH3)2 · 4H2O) solution in ethylene glycol. The NiOx sol was 

then kept in the dark until further use. 

Copper Oxide (CuOx) 

CuOx sol was prepared by rigorously stirring 0.3 M Cu(II)Cl2 2H2O in ethanol. The solution was stirred 

until CuOx sol is obtained, which is then kept in the dark until further use. 

Zinc Oxide (ZnOx) 

ZnOx sol was prepared by rigorously stirring 0.3 M ZnCl2 in Millipore water for 15 minutes followed by 

dropwise addition of 0.03 M H2O2 under continuous stirring for another 30 minutes. The ZnOx sol was 

then kept in the dark until further use. 

Palladium Oxide (PdOx) 

PdOx sol was prepared by rigorously stirring 0.3 M palladium (II) chloride in ice cold water. The solution 

was then transferred to 0.5 M HCl solution and kept under stirring until a homogenous solution is 

obtained. The PdOx sol was then kept in the dark until further use. 
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Niobium Oxide (NbOx) 

NbOx sol was prepared by rigorously stirring 0.3 M niobium (V) chloride in ethanol. The NbOx sol was 

obtained instantaneously and stored in the dark until further use. 

Molybdenum Disulphide (MoS2) 

MoS2 sol was prepared by rigorously stirring 0.3 M molybdenum (IV) sulphide in 0.1 M nitric acid at 

50° C. The solution was kept under rigorous stirring for 6 hours. The resultant black solution was kept 

in the dark until further use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 
 

Fabrication of Functionalized Si Photoelectrodes 

The Si MWs obtained through MACE were removed from the desiccator, and 1 ml TiO2 sol was 

spin-coated onto the Si MW substrate, in three cycles at 4000 rpm, with each cycle lasting 30 seconds. 

The TiO2-coated Si MWs were then carefully kept on the platform equipped with a water bath inside a 

closed airtight chamber for 24 hours and at ambient condition. The moisture-exposed TiO2-coated Si 

MWs were then annealed at 380° C for 2 hours. The annealed TiO2-coated Si MWs (Si MW/TiO2) were 

then spin-coated with the MO sols, in 9 cycles (1 ml in each cycle) at the rate of 4000 rpm where each 

cycle lasts for 30 seconds. The resultant samples were then annealed at 380°C for 2 hours to obtain the 

final photoelectrode as Si MW/TiO2/co-catalysts. To synthesize the Si MW/TiO2/α-Fe2O3 nanorods, the 

iron oxide precursor was first synthesized by mixing 0.15 M ferric chloride and 1 M sodium nitrate 

solutions. The pH of the precursor solution was adjusted to 1.2 by dropwise addition of HCl. The Si 

MW/TiO2 substrates were immersed in this solution for 12 hours and kept in an autoclave at a constant 

temperature of 100°C. The Si MW/TiO2/α- Fe2O3 electrodes were then rinsed with distilled water and 

ethanol followed by annealing at 380oC. Figure 3.1 shows the schematic of the experimental method 

employed in the fabrication of the functionalized Si photoelectrodes. 

 

 

Figure 3.1: Schematic representation (not to scale) of the preparation steps of Si MW by 

wet etching, their coating with TiO2 and subsequent functionalization with co-catalysts 

via spin coating and sintering. 

 

Morphological and Elemental Analyses of Bare and Functionalized Si Photoelectrodes 

A detailed and systematic characterization of the as-synthesized (bare) and functionalized Si 

photoelectrodes was performed stepwise. First, the bare Si nanowires obtained after MACE were 

examined under a scanning electron microscope. The detailed morphology (such as the diameter of 
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individual microwires and length of MW arrays) of Si MWs was recorded. The same Si MW sample upon 

stabilizing with the interstitial TiO2 layer was again examined under the scanning electron microscope 

and the thickness of the TiO2 layer on the surface of Si MWs was estimated. To confirm the presence of 

TiO2 on the surface of Si MWs, energy-dispersive X-ray (EDX) detection was performed in addition to 

the X-ray photoelectron spectroscopy (XPS). Furthermore, the molecular phase (anatase) and the 

electronic structure of TiO2-coated Si MWs were confirmed using the high-energy resolution 

fluorescence-detected X-ray absorption near-edge structure (HERFD-XANES) and X-ray emission 

spectroscopy in combination with valence-to-core resonant inelastic X-ray scattering (vtc-RIXS) 

measured at the Ti K-edge. Finally, the co-catalyst-functionalized Si MW/TiO2/co-catalysts were also 

examined using SEM-EDX and XPS. The electronic structural change of the TiO2 interlayer induced by 

the co-catalysts was analyzed using X-ray spectroscopy at the ID-26 beamline of ESRF. 

Photoelectrochemical Characterization of Bare and Functionalized Si Photoelectrodes 

Prior to photoelectrochemical experiments, all edges of the photoelectrodes were first polished 

with sand paper (80 to 120 grit). The top edge of the electrode was attached to a crocodile clip, and this 

assembly was sealed with conductive silver paste. The remaining three edges were coated with insulating 

epoxy. The complete photoelectrode assembly (crocodile clip plus the photoelectrode) was then covered 

with Teflon tape and only a small area was kept open for solar illumination. All the photoelectrochemical 

measurements were performed in a gas-tight three-electrode quartz cell from Pine Instruments, 

Durham, USA, equipped with an Ag/AgCl reference electrode and a platinum counter electrode. The 

volume of the PEC cell was 250 ml. The photoelectrodes were exposed to the solar radiation of 100 

mW/cm2 provided from the solar simulator by Newport Photonics (94043 A) equipped with a 450 W 

xenon lamp and an Air Mass 1.5G filter. Linear sweep voltammetry (LSV) for the photoelectrochemical 

measurements were performed using the Metrohm Autolab potentiostat (PGSTAT302N). The LSVs are 

performed with a sweep rate of 10 mV/s unless otherwise specified. The dark current responses of the 

photoelectrodes were recorded using the shutter in the solar simulator. A flowchart describing a 

systematic protocol employed for photoelectrochemical characterization is shown in Figure 3.2.  

For a dual photoelectrode water splitting experiment, the reactor set up was kept similar as 

explained above, except expensive and rare Pt was replaced by a functionalized p-Si photocathode. The 

photoelectrodes were short-circuited to perform the chronoamperometric and unbiased PEC 

measurements. For uniform illumination of both the photoelectrodes, a separate light source from Thor 

Labs (neutral white- MNWHL4) was used to illuminate the photocathode with a power density of 100 

mW/cm2. The electrolyte was stirred during the photoelectrochemical measurement. The two-electrode 

setup was used to measure the Solar to hydrogen (STH) efficiency.
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Figure 3.2: Flow chart depicting the experimental protocol for the systematic and detailed characterization of bare and 

functionalized Si MW photoelectrode. 
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The recorded LSVs potentials were then converted and reported in the thesis as reversible hydrogen 

electrode (RHE) potential using the following conversion: 

                                        VRHE = VAg/AgCl +0.1976 +0.059 × (pH) 

The electrochemical impedance spectroscopy measurements were performed using an impedance analyzer 

(PGSTAT302N with an FRA module). The impedance spectra were measured over a frequency range of 0.01 

Hz to 1 MHz at 25 °C with an amplitude of 10 mV and under an applied potential (ranging from –0.9 to 1.4 

V vs Ag/AgCl) and under 1 sun illumination. The Mott–Schottky plots were derived from impedance 

measurements in the dark at 10 kHz. The carrier concentration was calculated from the slopes of the Mott–

Schottky plots using the following equation: 

                                                 𝑁𝐷 = (
2

𝑒0𝜀𝜀0
) / (

𝑑(
1

𝐶2
)

𝑑𝑉
)                         

where e0 is the electron charge, ε is the dielectric constant of Si, ε0 is the vacuum permittivity, ND is the 

carrier density, C is the capacitance between the sample and the electrolyte, and V is the applied bias across 

the photoelectrode during the Mott–Schottky measurements.   

The stability of the photoelectrodes was measured by performing chronoamperometric (CA) 

measurements. The photoelectrodes were kept at a specified potential, and the photocurrent density was 

recorded. The CA measurements were performed for different time durations (2 to 24 hours), and the effect 

of applied potential on the photocurrent density is recorded over time.  To perform the CA measurements 

and to eventually quantify the photogenerated gases, the gas-tight PEC cell was purged with argon for 3 

hours to remove dissolved oxygen from the electrolyte and from the headspace. The amounts of molecular 

hydrogen and oxygen produced by photoelectrochemical water splitting under bias and no-bias conditions 

and in 1sun illumination were measured by taking, at various times, 100 µl aliquots from the headspace 

using a gas-tight syringe. These headspace aliquots were then analyzed at room temperature by gas 

chromatography using a GC-8AIT gas chromatograph with a TCD detector (Schimadzu Scientific 

Instruments, Columbia, USA). 

The applied bias photon-to-current conversion efficiency (ABPE) was calculated using the following 

equation: 

                  ABPE =
(ǀ𝑗 (𝑚𝐴 𝑐𝑚−2ǀ)×(1.23− ǀ𝑉𝑏ǀ)(𝑉) × 𝐹𝐸

𝑃𝑠𝑢𝑛 (𝑚𝑊𝑐𝑚
−2)

                         

where j is the photocurrent density, Vb is the potential versus ideal counter electrode, FE is the Faradaic 

efficiency, and Psun is the incident solar power at AM 1.5 G (100 mW/cm2).  

The Faradaic efficiency (FE) was calculated using the following equation:  

                                     FE =
Amount of hydrogen generated

Amount of hydrogen expected
 × 100             

The theoretical H2 or O2 production was calculated using the following equation: 

                                                 Q(mol of  H2 or O2) =
(ǀ𝒋ǀ)×𝒕

𝒏 ×𝑭
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where j is the photocurrent density in milliamperes normalized to the illuminated photoelectrode surface 

area, t is the time in seconds, n is the number of electrons transferred during HER (2e-)  or OER (4e-), and 

F is the Faraday constant (96485.3 s A mol-1). 

The STH efficiency was measured by collecting the photo-generated gases from the headspace of the PEC 

and analyzed in GC using the following equation: 

𝑆𝑇𝐻 = [
(𝑚𝑚𝑜𝑙

𝐻2
sec
) × 237000

𝐽
𝑚𝑜𝑙

𝑃
𝑡𝑜𝑡𝑎𝑙 (

𝑚𝑊
𝑐𝑚2

)
 × 𝐴𝑟𝑒𝑎 (𝑐𝑚2)

] 

All the photoelectrode samples after the PEC measurements were carefully saved and kept in the 

desiccator. Thereafter, the PEC photoelectrode samples were examined using the XPS, HERFD-XANES, and 

XES to determine the stability of the photoelectrodes or changes (if any) transpired on the photoelectrodes 

during the applied potentials and or under illumination. 

 

X-Ray Spectroscopy 

X-ray spectroscopy measurements were performed on the photoelectrodes at the K-edges of Ti, Co, 

Ni, and Fe. TiO2 is the stabilizing layer for the Si photoelectrodes and the mesopores of the TiO2 act as the 

template for the co-catalyst decoration. A detailed insight into the electronic structure of the interstitial TiO2 

layer and the functionalizing transition metal ion using high-energy X-ray spectroscopy is desirable to 

understand their interplay. X-ray spectroscopic measurements were performed at the high-brilliance 

beamline ID-26 of the ESRF, Grenoble, France. This section presents a brief overview of the optical and 

instrumental hutch (experimental room) of the ID-26 beamline.  

ID-26 Beamline Setup 

The detailed schema of ID-26 Beamline is shown in Figure 3.3. The X-rays are generated in three 

undulators each 1.6m long with a period of the magnetic fields of 25mm. The energy range is advertised as 

2.4–27 keV. A horizontally deflecting mirror (HDM1) operating in total reflection between 2.5 and 5.5 mrad 

suppresses higher harmonics from the undulator and directs the beam such that the following optical 

elements are not in the direct beam path from the source further removing unwanted X-ray energies. The 

double crystal monochromator (DCM) uses two pairs of silicon crystals cut along the (111) and (311) 

crystallographic direction. The wavelength of the reflected beam is given by Bragg’s law of diffraction as 

shown in the equation 

                                                                     2d sinθ = nλ 

where d is the spacing between the reflecting atomic planes (d-spacing), θ is the scattering angle for the 

incoming X-ray beam of wavelength λ, and n is a positive integer. The d-spacing of Si(111) is 3.13542 Å and 

that of Si (311) is 1.63742 Å. A DCM is built with a certain range for the Bragg angle. For ID26 this range is 

5-60 degrees giving an energy range of 2.28–22.69 keV for Si(111) and 4.37–43.4 keV for Si(311). The high 

energy cutoff on ID26 is determined by the period and gap range for the undulators. Once the right energy 

is selected at the DCM, the incident beam then passes through a Kirkpatrick-Baez mirror system with 

horizontal (HFM2) and vertical (VFM3) focusing mirrors. The energy of the X-ray beam can be calibrated 

using tabulated values by recording the transmission absorption spectrum from a metal foil with an 
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absorption edge in the energy range of interest. The calibrated X-ray beam is then ready to strike the samples 

in the experimental hutch (EH2). The variation of the flux of the incoming calibrated X-ray energy can be 

measured using a photodiode that records the scattering from a thin Kapton™ foil that is inserted into the 

beam. The size of the beam (FWHM) on the sample is 0.5 mm in horizontal and 0.1 mm in vertical. The 
beam is guided by slits (0.7 mm x 0.2 mm) just in front of the samples that ensures stable beam footprint 

on the sample.   

Three important components constitute the emission spectrometer: (a) a sample holder assembly, 

(b) crystal analyzers, and (c) an avalanche photodetector (APD). The sample holder assembly was placed 

into a fluorescence geometry, where the incident beam and the central crystal analyzer were at 45° with 

respect to the normal to the sample surface and a 90° angle between the incident beam and the central 

crystal analyzer. The fluorescence energy was selected by five spherically bent (R=1m) crystal analyzers 

arranged in Rowland geometry. Table 1 shows the crystal analyzer and the Bragg angle used during the 

experiments for different elements (Ti, Fe, Co, and Ni). Figure 3.4 shows the ID-26 beamline experimental 

hutch with a sample holder assembly, crystal analyzers, and the APD arranged in Rowland circle geometry.  

Sample Preparation 

The reference samples for the elements/compounds were either made in the form of pellets or 

sandwiched between a Kapton foil. The pellets were synthesized by thoroughly mixing the reference samples 

with boron nitride in a 1:40 ratio (by weight) and using a pellet press. This helps in diluting the samples, 

which suppresses the self-absorption effects. The functionalized samples were measured directly by 

exposing the functionalized Si MWs (on Si wafer) unless otherwise specified.  

  

 

Figure 3.3: Schematic illustration of the ID-26 beam line at ESRF (adopted from ref118). 
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Table 3.1: Sets of crystals analyzers used in the study to acquire high resolution XAS and XES. 

Element K-edge 

absorption 

energy (eV) 

Kα1 emission 

energy (eV) 

Crystal 

Analyzer, 

Bragg angle 

Kβ1 emission 

energy (eV) 

Crystal 

Analyzer, 

Bragg angle 

Ti 4966 4510.8 Ge(400) 76.33 4931.8 Ge(331) 75.58 

Fe 7112 6403.8 Si(333|111) 

67.85  

 

Ge(440|220) 

75.46 

7058.0 Si(440|220) 

66.19  

Si(531) 73.10  

 

Ge(620) 

79.09 

Co 77097777097  7709 6930.3 Si(440|220) 

68.71  

Si(531) 77.01 

7649.4 Si(620) 

70.70  

 

Ge(533) 

69.94  

Ge(444|111) 

82.96 

Ni 8333 7478.2 Si(620) 74.88  

 

Ge(620) 67.93 

8264.7 Si(444|111) 

73.12  

Si(551) 80.52  

 

Ge(444|111) 

66.72 
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Figure 3.4: Schematic of the experiment station at ID-26 beamline of the ESRF, showing the 

sample holder assembly, crystal analyzers and detector arranged in the Rowland circle 

geometry. 
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4.0 Results 

The chapter summarizes the results of my thesis and puts them in context. The detailed 

interpretation of the results is presented in papers I through IV (published articles and manuscripts to be 

published). Here also some data are presented that have not yet been included in a manuscript. I first 

present here the mechanism of Si MW formation via metal-assisted chemical etching (MACE) followed by 

the results and their interpretation in the order as they appear in the Papers I through IV.   

The main goal of my thesis was to develop a working prototype for overall water splitting device that 

is fabricated using earth abundant materials. Paper I lays the foundation of my PhD thesis, wherein I 

fabricated and compared the PEC performance of CoOx and NiOx functionalized p-Si MW/TiO2 

photocathode. The PEC performance was compared in neutral phosphate buffer and in the artificial sea 

water (pH 8.4). Various morphological/elemental, photoelectrochemical and X-ray spectroscopic 

techniques were used to fully characterize the photocathodes. Paper I thus gives me a NiOx functionalized 

p-Si MW/TiO2, as the best photocathode which I employed in my Paper II. 

In Paper II, I developed a proof of concept device, in which I employed my p-Si MW/TiO2/NiOx as 

photocathode together with a well-studied FTO/α-Fe2O3 nanorods as photoanode, which was provided by 

my collaborator Alagappan Annamalai form Thomas Wågberg group at the Department of Physics at Umeå 

University, Sweden. In this work, I successfully demonstrated that earth abundant materials can be 

employed for overall water splitting in parallel-illumination mode. The parallel illumination mode and the 

band-edge positing of the photoelectrodes replicates the “Z” scheme as observed in natural photosynthesis. 

Most importantly, I proposed that the space charge region in the pristine FTO/α-Fe2O3 photoanode can be 

enhanced without doping or any additional bias, instead by employing p-Si MW/TiO2/NiOx as photocathode 

in the suitable aqueous environment for both the photoelectrodes. The study presents various 

morphological/elemental, photoelectrochemical and X-ray spectroscopic techniques to support my 

hypothesis. I took this “Z” scheme concept and further optimize the α-Fe2O3 photoanode, by replacing the 

FTO substrate with n-Si MW in Paper III to achieve highest photocurrent density for α-Fe2O3 photoanode 

reported till date.  

Paper III thus presents, PEC performance of p-Si MW/TiO2/NiOx photocathode and n-Si 

MW/TiO2/α-Fe2O3 photoanode in a parallel illumination scheme. The photoelectrodes were systematically 

characterized using SEM/EDX and XPS followed by photoelectrochemical techniques. The SEM images and 

the photoelectrochemical techniques indicate that the interstitial TiO2 layer plays a significant role in 

enhancing the overall PEC performance of the device. XAS, XES, and valence to core X-ray spectroscopic 

techniques further provide evidence on how TiO2 helps in enhancing the overall PEC performance of the 

device. The X-ray spectroscopic data for papers I, II and III was mainly collected at the Ti, Co, Ni and Fe 

edges, which provide insight on the significant changes at the electronic structure of Ti. No such changes 

were observed at other edges. The only edge left to study was Si-edge and paper IV provides information on 

the Si MW/TiO2 interface, which was studied using non-resonant X-ray Raman spectroscopy. 

Paper IV presents a preliminary report on the heterogeneous interfaces of Si/TiO2/co-catalysts. The 

interfaces were investigated using X-ray Raman spectroscopy at the ID20 beamline of ESRF. The X-Raman 

data was acquired at the Si LII, III-edge. The data presented in paper IV are not yet completely processed. The 

data are shown as an example to provide a small insight on my photoelectrodes from Si perspective. 
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Overview of Paper I  

Paper I lays the foundation of my thesis. Figure 4.1 shows the schematic overview of paper I. The 

first step was to synthesize Si MWs using MACE, followed by stabilizing it with a TiO2 layer. The p-Si 

MW/TiO2 substrates were then decorated with different co-catalysts. A systematic and detailed elemental 

and morphological characterization of my photocathodes helped me to understand phase and elemental 

compositions of the co-catalysts. The PEC performance of my photoelectrodes was subsequently recorded 

since it reports on the photocatalytic capabilities of my photocathodes. The X-ray spectroscopic techniques 

allowed identifying that the interstitial TiO2 layer plays a crucial role in not only stabilizing the 

photocathodes but also for efficient charge transfer between the substrate (p-Si MW) and the co-catalysts 

(CoOx or NiOx).  
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Figure 4.1: A schematic overview of paper I. 
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Mechanism of Si MW Formation 

The etched Si (2 × 2 cm2), obtained by using the MACE technique, led to the formation of vertically 

oriented single crystal Si microwires. The proposed mechanism by Peng et al.116, 117, 119 and Zhang et.al.120 for 

the evolution of Si MW during the etching may be explained by the following sets of reactions: 

                𝐻2𝑂2 + 2𝐻
+ + 2𝑒−  → 2𝐻2𝑂                                 𝐸1

0 = 1.776 𝑉      eq. 4.1 

                       𝐴𝑔+ + 𝑒−  → 𝐴𝑔                                                 𝐸2
0 = 0.799 𝑉       eq. 4.2 

 𝑆𝑖𝐹6
2− + 4𝑒−  → 𝑆𝑖 + 6𝐹−                                 𝐸2

0  =  −1.24 𝑉     𝑒𝑞. 4.3          

The etching of Si includes the following main reactions: 

                                                 𝑆𝑖 + 4𝐴𝑔+ + 6𝐹−  → 4 𝐴𝑔 + 𝑆𝑖𝐹6
2−                                eq. 4.4 

                                     2𝐴𝑔 + 𝐻2𝑂2 + 2𝐻
+  → 2 𝐴𝑔+ + 2𝐻2𝑂                                 eq. 4.5  

The net etching reaction is thus given by 

                                               𝑆𝑖 + 2𝐻2𝑂2 + 6𝐹
− + 4𝐻+  → 𝑆𝑖𝐹6

2− + 2𝐻2𝑂                eq. 4.6 

Based on the above reactions, the Ag+ ions in the electrolyte 1 (HF + AgNO3) get reduced on the 

surface of Si, causing the deposition of Ag nanoparticles. These Ag nanoparticles act as cathodes, while the 

Si surface in contact with Ag nanoparticles acts as an anode. When the Ag nanoparticles deposited Si pieces 

are immersed in the electrolyte 2 (H2O2 + HF), there is immediate oxidation of Ag particles by an oxidant 

(H2O2) to Ag+ as per the reaction 2 and 5. These Ag+ ions quickly react at the Si/Ag nanoparticle interface, 

resulting in the formation of a pit underneath the Ag nanoparticle as per reaction 4. In the process, the silver 

ions expeditiously react with Si to take an electron from the Si near the Si/Ag nanoparticle interface. Now, 

as per the net reaction 6, H2O2 and HF diffuse into the pit and SiF6
2- is formed along with water. This 

continuous cyclic reaction led to localized and vertical etchings in a downward direction, leading to the 

formation of microwire morphology. Figure 4.2 shows the schematic of the formation mechanism of the Si 

MWs arrays with scanning electron microscopy (SEM) images of etched Si, resulting in the microwire 

morphology. 
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Figure 4.2: Schematic representation of the evolution of Si MWs using metal-assisted 

electroless etching. a) Si wafer with Ag nanoparticles taken out from E1; b) cross-sectional 

schematic showing the evolution of Si MWs; c), d), and e) cross-sectional SEM images of as-

synthesized Si MWs after the removal of silver dendritic debris; e) magnified view of d). 

 

Morphology and Elemental Characterization of Functionalized Si MWs 

Figure 4.3 shows the SEM images of the a) planar top view and b) the cross-sectional image of the 

as-synthesized Si MWs. The etching time and the oxidant concentration defines the morphology of the 

microwires. I observed that the Si MWs formed during my PhD research sometimes agglomerated at the top 

end as observed in previous studies116, 117, 120-122. The main reason for the agglomeration of the Si MWs is the 

length of the MWs and capillary-driven action during the cleaning process of MWs. The longer Si MWs tend 

to agglomerate more. The Si MWs formed during the MACE treatment were found to have diameters ranging 

typically from 75 to 100 nm, while 30 minutes of etching time resulted in the formation of around 10 µm 

long Si microwires. 
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Figure 4.3: SEM images of as-synthesized Si MWs; a) planar top view, b) cross-sectional. 

The TiO2 sol synthesized using a sol-gel technique123, 124 was first spin-coated onto a planar Si 

substrate in order to study the surface topology. As shown in Figure 4.4, the evaporation-induced self-

assembly using block-co-polymer (P123) led to the formation of a mesoporous morphology of TiO2 with pore 

sizes between 20 to 50 nm. This is in line with the report by Choi et al.123-126, which describes the precise 

control over pore size, pore distribution, and high surface area during synthesis of these materials for 

various applications in energy and sensors fields.  

 

Figure 4.4: SEM image showing the planar top view of mesoporous TiO2 coated on the planer 

Si. 
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Figure 4.5 a) shows the cross-sectional SEM image of the TiO2 coated on planar Si. It demonstrates 

that employing the recipe described in Chapter 3 leads to the formation of a TiO2 film that is approximately 

50 nm thick. Figure 4.5 b) shows the TEM, and Figure 4.5 c) and d) show the SEM images, revealing the 

thickness of TiO2 on the surface of Si MWs. Similar to the planar case, the spin-coating of TiO2 on the surface 

of Si MWs led to the formation of a TiO2 layer that is approximately 40 to 50 nm thick. I also found that the 

thickness of the TiO2 layer on the surface of Si photoelectrodes depends on various factors, such as the 

rotation speed of spin-coater, viscosity of the sols, and the distance between the two adjacent Si MWs. The 

recipe I used for spin-coating the TiO2 layer on the surface of p-Si employed a spin-coater speed set at 4000 

rpm to dispense 1 ml of TiO2 sol in three cycles. If the TiO2 sol is dispensed more than three times (or the 

speed of the spin-coater is reduced from 4000 rpm), it results in a thick TiO2 coating on top of the MW 

reducing the access to the MW below (top/front view in Figure 4.6).  

The TiO2 interstitial layer used in this study is extremely beneficial for the efficient performance of 

the photoelectrode device. This is explained in detail in the manuscript III, to be submitted in the Nature 

Energy. 
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Figure 4.5: (a) SEM image of planar p-Si coated with TiO2, (b) TEM image of a p-Si microwire 

coated with a TiO2 layer about 20 nm thick, (c) SEM image of uncoated p-Si microwires, and 

(d) SEM image of a TiO2 coated Si microwire. The comparison of (c) and (d) leads to a 

thickness estimate for the TiO2 layer of 40–50 nm. 
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Figure 4.6: Planar top view SEM images of TiO2 spin-coated on Si MWs samples; a) 

optimized recipe to obtain uniformly-coated Si MWs and b) formation of thick TiO2 layer 

islands on top of the Si MWs. 

 

 

The elemental configuration of functionalized Si MW photoelectrodes (Si MWs decorated with 

different co-catalysts) was first examined with the SEM-EDX followed by XPS.  As an example, I present in 

Figure 4.7 and 4.8 SEM-EDX and XPS for NiOx functionalized p-Si MWs resulting in p-Si MWs/TiO2/NiOx, 

respectively. The EDX mapping of the functionalized Si photoelectrodes shows a uniform distribution of the 

co-catalysts (NiOx in the example). The SEM/EDX mapping also suggests that the simple, solution-based 

approach can be used for the fabrication of uniformly-decorated 1D Si photoelectrodes. 
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Figure 4.7: SEM EDX mapping of p-Si/TiO2/NiOx, indicating uniform decoration of Si MW 

with TiO2 and NiOx: (a) Planar and (b) cross-sectional 
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Figure 4.8 : XPS of the NiOx functionalized p-Si photoelectrode samples before the PEC 

experiment shows two intense satellite peaks at ~879.9 eV and ~861.8 eV and additional 

peaks at ~873 eV (Ni 2p1/2) and ~855.5 eV (Ni 2p3/2), suggesting the presence of Ni2+ in a 

mixture of NiOx and Ni(OH)2. The shift in Ni 2p3/2 peak to binding energy ~855.7 after the 

PEC experiment suggests an increased percentage of Ni(OH)2; b) is the enlarged view of the 

Ni 2p3/2 peak. 

 

Similarly, the Si MW photoelectrodes functionalized using various other co-catalysts were first 

examined in the SEM-EDX followed by confirmation by XPS. The SEM-EDX for other co-catalysts 

functionalized p-Si MWs are presented in the supplementary information of paper I and IV. The necessary 

information expected from the SEM characterization is the estimation of the TiO2 thickness on the surface 

of Si MWs. Another crucial bit of information I pursued from SEM-EDX is the uniform coverage of TiO2 

around the p-Si MWs, followed by uniform distribution of co-catalysts on p-Si MWs/TiO2. Once I got the 

crucial information on the elemental and morphological characterization of photoelectrodes, I studied their 

photoelectrochemical properties. 

Photoelectrochemical Characterization of Functionalized p-Si MW Photocathodes 

A systematic and detailed protocol was followed to investigate the photoelectrochemical 

performance of the functionalized Si photoelectrodes. The detailed protocol is presented in Chapter 3, 

Figure 3.2.  Various co-catalysts were used to functionalize Si MW and their PEC performances were 

measured in NaCl and phosphate buffer. In Paper I, I present the PEC performance of NiOx and CoOx 

functionalized Si MW/TiO2 photocathode in neutral phosphate buffer. PEC performance of functionalized 

Si photocathode is presented in Figure A1 in the appendix section. The data presented in Figure A1 is yet to 

be published. As expected, the 1D morphology of Si MWs shows slightly better photocurrent density (Jph) 

compared to the planar Si. The MACE results in the formation of Si MWs, which results in a higher solar 

photon retention and a slightly better photocurrent density than the planar Si45, 49. Silicon is highly 

susceptible to forming an insulating Si-oxide layer in aqueous or humid environments. Thus, the insulating 

oxide layer acts as a barrier for an efficient charge transfer between Si and the electrolyte. Recently, several 

studies suggested that applying, mostly by atomic layer deposition, a thin layer of TiO2 20, 21, 23, 127, 128or 

Al2O3
129-132

 can help in suppressing the formation of a Si-oxide layer. The TiO2 or Al2O3 layers were reported 

to also improve the charge carrier transfer between Si and the co-catalysts by reducing recombination losses. 
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I observed the same effect when TiO2 was spin coated on the surface of Si MWs133. To study in detail the role 

of TiO2 as an efficient charge transfer interstitial layer, I compare the PEC performance of CoOx and NiOx 

functionalized p-Si MWs with and without the interstitial TiO2 layer.  

I first measured the photoelectrochemical response of planar Si and 1D Si MWs (Figure 4.9 a) and 

b)). As expected, I found that the Si MWs [purple trace in Figure 4.9 a)] show slightly better Jph compared 

to the planar Si [dark yellow trace in Figure 4.9 a)]. The Jph further increased slightly when a thin TiO2 layer 

was applied on the Si MWs. The Jph was found to be 0.09 mA/cm2 at 0 VRHE for p-Si/TiO2 samples. I 

considered p-Si/TiO2 as a control sample. I observed that the Jph increased significantly when the planar p-

Si/TiO2 photoelectrode was decorated with CoOx or NiOx co-catalysts. The Jph recorded for the p-

Si/TiO2/CoOx and p-Si/TiO2/NiOx at 0 VRHE was −0.5 mA/cm2 and −1.4 mA/cm2, respectively. These 

measurements are an almost 6- and 15-fold increase in the p-Si/TiO2 /CoOx and p-Si/TiO2 /NiOx 

photoelectrodes, respectively, compared with the control sample. The Jph decreased significantly in the 

absence of an interstitial TiO2 layer (Figure 4.9 c)). This decrease suggests that TiO2 helps in the efficient 

charge transfer between the co-catalysts and the Si photoelectrode substrate. The data show that the 

presence of interstitial TiO2  layer increased Jph by almost 50 % and 165 % for CoOx or NiOx functionalized 

p-Si MW at -0.9 VRHE, respectively. Figure 4.9 d) shows the comparison between the dark current and the 

photocurrent for p-Si/TiO2/CoOx and p-Si/TiO2/NiOx. 

Another crucial parameter for defining the performance of the photoelectrode is the onset potential 

(Vonset). The Vonset is the potential at which the photoelectrode starts generating photocurrent. I report onset 

potentials in my PhD work for the photocathode as the potential at which the net photocurrent density 

reaches −0.1 mA/cm2. Similarly, for the photoanodes the Vonset is defined as the potential at which dJ/dV is 

at 0.2 mA/cm2 V-1. In other words, the efficient photoanodes should have more negative onset potentials, 

while the efficient photocathode should have more positive onset potentials. While comparing the CoOx and 

NiOx functionalized p-Si/TiO2 photocathode, I found that the Vonset of the control p-Si/TiO2 sample was 

observed at -0.66 VRHE, whereas those for p-Si/TiO2/CoOx and p-Si/TiO2/NiOx were shifted to +0.27 VRHE 

and +0.42 VRHE. The excellent performance of NiOx functionalized p-Si photocathode can be attributed 

either to an intrinsically better HER performance of NiOx compared to CoOx, and/or to a superior charge 

transfer between p-Si and the NiOx via the protective TiO2 underlayer.  
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Figure 4.9: Linear sweep voltammograms recorded under 1 sun illumination in potassium 

phosphate buffer (0.2M; pH 7.00) (a) planar p-Si, a surface etched p-Si with microwires (p-

Si), and functionalized p-Si photo-electrodes (b) fully functionalized planar Si and 

functionalized p-Si (c) functionalized p-Si with and without the interstitial TiO2 layer (d) 

functionalized p-Si in dark and in illumination. 

 

Once I gathered the information on the photocurrent density of various photoelectrodes, I pursued 

to study their stability in aqueous environments of varied pH. The stability test was performed at a constant 

potential, and the photogenerated current is measured for a specified amount of time (see Figure 4.10 a)). 

The stability test can also be performed by maintaining a constant current and monitoring the overpotential 

needed to generate the specified current. As an example, I present here a stability study of p-Si/TiO2/CoOx 

and p-Si/TiO2/NiOx measured at 0 VRHE. The stability test was performed for 5 hours and the 

photogenerated gases evolved during the illumination were measured using gas chromatography. A stable 

photocurrent density of −0.4 mA/cm2 and −1.4 mA/cm2 was observed over the course of the stability test 

for p-Si/TiO2/CoOx and p-Si/TiO2/NiOx. The observed photocurrent density corresponds to the 44 and 128 



 

57 
 

mol/cm2 of H2 gases generated for p-Si/TiO2/CoOx and p-Si/TiO2/NiOx, respectively (see Figure 4.10 b)). 

The excellent performance of NiOx may in part be attributed to its conversion into Ni(OH)2 upon contact 

with water. The proposed Ni(OH)2 formation is in agreement with the XPS spectra taken after the five-hour 

performance test. While I cannot exclude that a transient light-induced formation of NiOOH contributes to 

the excellent performance of NiOx, as suggested recently for NiOx nanoparticles, I did not observe a stable 

NiOOH formation in the XPS spectra (Figure 4.8), as expected under negative bias.  

 

Figure 4.10: Comparison of (a) the calculated and measured solar hydrogen production per 

geometric surface area of the photoelectrode and (b) of the current density of NiOx (red) and 

CoOx (blue) functionalized p-Si photo-electrodes over 5 hours of continuous operation. The 

data displayed in (a) and (b) were obtained simultaneously at 0.0 VRHE and 1 sun 

illumination. 

 



 

58 
 

The stable photoelectrodes, should ideally produce photocurrent density over long period of time 

without any applied potential. In addition, the morphological and elemental state of such devices should not 

undergo any changes while in operation, thus it is highly important to study the pre-PEC and post-PEC state 

of such photoelectrodes. I employed XPS and X-ray spectroscopy methods to study the photoelectrodes 

before and after the PEC measurements (see Figure 4.8). 

Solar Seawater Splitting  

Considering the abundance of seawater on the earth surface, I tested my best photocathode (p-

Si/TiO2/NiOx) for solar seawater splitting. The recipe for the preparation of artificial seawater is described 

in the Chapter 3 Materials, Methods and Characterizations. The photoelectrochemical characterization 

obtained for the solar seawater splitting is shown in Figure 4.11. A photocurrent density of 10 mA/cm2 was 

achieved at 1 sun illumination and an applied potential of -0.7 VRHE, and 20 mA/cm2 at about - 0.9 VRHE. I 

also found that when a p-Si/TiO2/NiOx electrode was kept at a constant applied potential of -0.3 VRHE  for 8 

hours, it produces H2 at a nearly constant rate of about -1.5 mA/cm2 over 8 hours. The possibility of photo-

oxidation of Cl- to Cl2 has been discussed for the photo-electrochemical seawater splitting67, 134, however I 

did not detect chlorine gas formation employing gas chromatography. The ABPE in the seawater splitting 

was calculated to be 1.26 % at -0.3 VRHE, which corresponds to a current density of -1.5 mA/cm2, after 8 

hours of illumination with a Faradic efficiency close to 91%, further indicating that Cl- oxidation and 

Mg2+/Ca2+ deposition are at best minor side reactions. Importantly, an ABPE of 5.1% was observed at -0.7 

VRHE. These surprisingly good results highlight the importance of the TiO2 layer in combination with NiOx 

as efficient hydrogen evolution reaction (HER) catalysts. 

 

 

Figure 4.11: Photo-electrochemical performance of the p-Si/TiO2/NiOx photoelectrode 

recorded under 1 sun illumination in artificial seawater at pH 8.4 (red) or pH 7.0 (black; 0.2 

M phosphate buffer): (a) linear sweep voltammograms, (b) photo-current density measured 

at -0.3 VRHE. 
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Charge Transport Kinetics Paper I 

Electrochemical impedance spectroscopy (EIS) allows to study the charge reaction kinetics taking 

place at the electrode and the electrode/electrolyte interface. The Impedance term in the EIS describes the 

relationship between the applied frequency (AC-voltage) and the current flowing through the 

photoelectrodes circuit. The application of a small sinusoidal potential (or current) at a fixed frequency gives 

a response in terms of impedance at a set frequency. Thus, EIS produces a sinusoidal current signal with a 

phase shift. Such phase shift of the current and the frequency were computed using Euler’s relationship.   

The EIS was performed for a range of frequencies and the impedance was calculated according to equation 

4.7. 

                                                                            𝑍𝜔 = 𝐸𝜔/𝐼𝜔                 eq. 4.7 

Where, Zω is the resistor at applied frequency ω, Eω is the frequency dependent potential and Iω is the 

frequency dependent current. 

The results of EIS measurements are presented in Nyquist plots. Figure 4.12 shows Nyquist plots 

for TiO2, CoOx and NiOx functionalized p-Si MWs. The smaller semi-circle (high frequency region) 

corresponds to the resistance for the charge transfer from p-Si through TiO2 to the surface (RCT1, CPE1), 

whereas the larger semicircle (low frequency region) corresponds to the photoelectrode/electrolyte 

interfacial charge transfer resistance described by RCT2 and CPE2. The data in Figure 4.12 show that the 

charge transport resistance for both processes is smallest for NiOx, and increases for p-Si/TiO2/CoOx and is 

largest for the non-functionalized p-Si/TiO2. RCT1 increases from 807 Ω to 1672 Ω and 1763 Ω, while RCT2 

from 2519 Ω to 6646 Ω and 29840 Ω. The effective Rs also increases in the same order, indicating that p-

Si/TiO2/NiOx has the best charge transfer kinetics57.  

To further investigate the electronic and interfacial properties, the flat band potential (VFB) and the carrier 

concentration (ND) were studied by Mott-Schottky measurements. Figures 4.13 (a – c) show that all photo-

electrodes display a negative slope in the Mott-Schottky plots, consistent with the p-type doping of the Si substrate. 

The carrier concentrations (ND) of the photo-electrodes were calculated from the slopes of Mott-Schottky plots, 

yielding values of 1.52×1014 cm−3, 1.98×1015 cm−3 and 3.73×1015 cm−3 for p-Si/TiO2 and CoOx or NiOx functionalized 

photo-electrodes, respectively. Thus, both CoOx and NiOx functionalized photo-electrodes show one-order higher 

donor densities compared to the p-Si/TiO2 control sample.  

By fitting the linear regions (minimum range of 200 mV)135 of the Mott-Schottky plots and extrapolating 

the line to the X-axis, the flat band potential VFB can be deduced. Significant differences were observed: the VFB of 

the Si/TiO2 control sample was 0.63 VRHE, whereas VFB of the CoOx and NiOx modified photo-electrodes were 0.68 

VRHE and 0.79 VRHE, respectively. The anodic shifts of 0.05 V and 0.16 V compared to the control indicate that p-

Si/TiO2/NiOx has the least recombination losses136, suggesting that NiOx passivates the surface defects more 

efficiently than CoOx. The more positive anodic shifts of the VFB for the p-Si/TiO2/NiOx may be attributed to 

the dissipation of the potential drop at the Helmholtz layer and the space charge region at the p-

Si/TiO2/NiOx – electrolyte interface45. An anodically shifted VFB enhances the HER kinetics by lowering the 

potential required for transporting electrons to the surface137,40, 138-141. 
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Figure 4.12: Nyquist plots a) p-Si/TiO2 (black), p-Si/TiO2/CoOx (blue), p-Si/TiO2/NiOx (red) 

measured at 0.0 VRHE under 1 sun illumination. The fit data are provided in the 

supplementary materials of Paper I. 
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Figure 4.13: Mott−Schottky measurements of (a) p-Si/TiO2 (b) p-Si/TiO2/CoOx and (c) p-

Si/TiO2/NiOx. 

 

The PEC performance of the photoelectrode presented in Paper I opens a new avenue for exploring 

the hydrogen evolution reaction (HER) at neutral or near neutral pH. The HER properties of 

photoelectrodes are mostly studied in acidic electrolyte, as the concentration of H+ ions are 106 times higher 

compared to neutral pH electrolyte. The low pH electrolyte and the intrinsic ability of the co-catalysts 

facilitate to shift the onset potential towards positive potentials. However, the NiOx functionalized p-Si 

photocathode presented in paper I outcompetes some of the earlier studies142, 143. For instance, the Vonset 

value for our p-Si/TiO2/NiOx photoelectrode is remarkable when compared to a recent report by Zhang and 

coworkers143,  where a Vonset = +0.25 VRHE  (J = -0.1 mA cm-2) was obtained for p-Si/NiCoSex nanopillars in 

0.5 M H2SO4. To develop an efficient artificial photosynthesis device, we have to find a combination of 

photoanode and photocathode that when immersed in the same electrolyte and illuminated with solar 

photons can replicate the Z-scheme as observed in natural photosynthesis. Table 4.1 gives an overview of 

the present performances of various p-Si photocathodes (both planar and microwire morphology). 

 

Effects of co-catalysts on the Local Geometry of TiO2  

The PEC performances of the photoelectrodes presented in the last section clearly indicate the 

importance of TiO2 in enhancing the overall performance of the PEC device. Thus, I investigated the changes 

in the electronic structure of interstitial TiO2 layer on the surface of Si MWs, when decorated with co-

catalysts (CoOx or NiOx), using the X-ray spectroscopy.  

The first step was to compare the TiO2 I synthesized during my PhD studies with the commercially 

available TiO2. This step is part of a fingerprint approach, where the material of interest is compared with 

the commercially known compounds to get the most reliable information possible about the oxidation state 

and the electronic and geometric structures. As shown in Figure 4.14, XANES spectra were recorded for our 

TiO2 and compared with the commercially available anatase and rutile phases of TiO2. The spectral features 
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of our TiO2 resemble the anatase phase of TiO2. A small variation observed in our TiO2 and the anatase is 

due to the morphological dissimilarities. The anatase TiO2 is in a particulate morphology, whereas our TiO2 

has a mesoporous morphology. This difference is due to quantum confinement effects and is evident from 

small variations in spectral features. In addition, fluorescence-detected absorption spectra show spectral 

distortions because of the incident beam’s self-absorption or over-absorption effects. One consequence of 

self-absorption is an increased pre-edge spectral intensity. No attempt was made to correct for this 

consequence, since I compare in Figure 4.14 only spectra with similar self-absorption. 

 

Figure 4.14: HERFD-XANES spectra acquired at the Ti K-edge for the reference TiO2 anatase, 

TiO2 rutile, and protective TiO2 (ours). 

 

Once I confirmed that in our TiO2, Ti is in oxidation state +IV with six-fold coordination, as observed 

in the anatase phase of TiO2, next, I recorded HERFD-XANES and XES spectra for CoOx- and NiOx-

decorated p-Si/TiO2 photocathodes. The aim was to investigate the changes in the electronic structure of 

TiO2 when decorated with CoOx or NiOx on the surface of Si MWs. The K-edge HERFD-XANES and XES 

spectra recorded for p-Si/TiO2, p-Si/TiO2/CoOx, and p-Si/TiO2/NiOx are shown in Figure 4.15 a) and b). The 

pre-edge region of the XAS spectra (4967 to 4976 eV) is particularly sensitive to the symmetry at the Ti sites. 

The pre-edge of crystalline TiO2 has three characteristic peaks, denoted as A1, A2, and A3. The pre-edge 

peaks A2 and A3 mainly arise from dipolar transitions starting from the Ti 1s shell and are thus affected by 

p-d mixing, which, in turn, depends on the local bonding geometry. In contrast, the quadrupolar 1s to 3d 

transition gives rise to A1 and the low energy shoulder in A2. Thus, the number and position of the peaks in 
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the pre-edge region contain information about the local coordination of Ti in TiO2. In anatase and 

amorphous TiO2, the intensity of this shoulder is particularly sensitive to the presence of low coordination 

Ti sites, as demonstrated by investigations of TiO2 nanoparticles. Additional structural information can be 

obtained from the spectral shape of the post-edge region (B and C in Figure 4.15), which derives from the 

excitation of a 1s electron to one of the unoccupied states with p-symmetry with respect to Ti. Such 

transitions are highly sensitive to the local structure around the absorber. In addition, the absorption peak 

C is also different for all the samples144143143143143143143. The overall spectral shape with three strong pre-edge 

features is preserved in all three samples. Together with the largely invariant Kα lines (Figure 4.15 b) this 

finding confirms that the crystallinity of the protective TiO2 layer remains unchanged, i.e. that in all cases 

Ti is in oxidation state +IV with a six-fold coordination.  While no detailed EXAFS analysis was performed 

in this study, the present data demonstrate that an intricate interplay between all components of the photo-

electrode, including the TiO2 layer, exists that contributes to the overall catalytic performance. The role of 

interstitial TiO2 layer in enhancing the PEC performance is studied further using valence to core resonant 

inelastic X-ray spectroscopic technique and is presented in paper III. Si photoelectrodes functionalized with 

different co-catalysts were also studied using XAS and XES and the data is presented in Figure A2. The data 

in Figure A2 will published after detailed analysis.  

 

Figure 4.15: X-Ray spectroscopy characterization of p-Si/TiO2 (black), p-Si/TiO2/CoOx (blue), 

p-Si/TiO2/NiOx (red): (a) HERFD-XANES spectra acquired at the Ti K-edge. The magnified 

view on the right shows the pre-edge peaks. (b) K-α emission lines. The magnified view on 

the right shows the K-α peak maximum. 
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Overview of Paper II 

To develop an efficient artificial photosynthesis device, we have to find a combination of photoanode 

and photocathode that when immersed in a suitable electrolyte and illuminated with solar photons can 

replicate the Z-scheme as observed in natural photosynthesis. The best photocathode (p-Si/TiO2/NiOx), 

carefully studied in the paper I was used in paper II in combination with a well-studied FTO/α-Fe2O3 

photoanode58 to demonstrate a proof of concept PEC device fabricated with earth abundant materials. A 

schematic overview of paper II is presented in Figure 4.16. 
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Figure 4.16: A schematic overview of paper II. 
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FTO/α-Fe2O3 Photoanode vs. p-Si/TiO2/NiOx Photocathode 

The next generation solar fuel production devices must be free from expensive and rare elements, 

such as Pt, RuO2, and Au. The SPEs should be fabricated from earth-abundant resources, which are non-

toxic (eco-friendly) and thus can be considered a commercially viable alternative for the next generation’s 

renewable energy mix. With this perspective, I conceptualized a device for overall solar water splitting into 

O2 and H2 using our p-Si/TiO2/NiOx as a photocathode in combination with the well-studied FTO/α-Fe2O3 

(pristine-hematite) photoanode. As the conduction band edge of Si is more negative than the hydrogen 

evolution potential (EH2/H2O, 0 V vs NHE) and the valence band edge of α-Fe2O3 is more positive compared 

to the oxygen evolution potential (EO2/H2O, 1.23 V vs. NHE), both photoelectrodes are good candidates for 

such a device. Moreover, when both photoelectrodes are arranged in parallel-illumination mode, they 

replicate the reliable “Z”-scheme of natural photosynthesis145. Figure 4.17 shows the parallel-illumination 

experimental setup used in the paper II and is compared against the conventional photoelectrochemical 

setup (vs. Pt). 

 
 

Figure 4.17: The schematic representation of experimental setup employed in paper II. The 

PEC performance of pristine FTO/α-Fe2O3 photoanode was first measured against Pt 

(control experiment) and our proof of concept device employing p-Si/TiO2/NiOx as 

photocathode and FTO/α-Fe2O3 as photoanode illuminated under parallel-illumination 

mode in 1 M NaOH. 

 

The morphological and elemental characterization of the photoanode was determined before the 

photoelectrochemical experiments to detect the possibility of any impurities in the photoanode, as shown 

in Figure 4.18 a) and b). The nanorod morphology of the hydrothermally grown pristine α-Fe2O3 on the 

fluorine tin oxide (FTO) substrate is shown in Figure 4.18 a). The crystalline signature of the as-synthesized 

pristine α-Fe2O3 is confirmed by X-ray diffraction pattern as shown in Figure 4.18 c). This observation is in 

agreement with previous studies22, 57, 58, 146. The SEM images and the XRD spectrum were provided by my 

collaborator Alagappan Annamalai. 
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Figure 4.18: Morphological and elemental characterization of α-Fe2O3 photoanode a) and b) 

planar and cross sectional SEM images c) corresponding XRD pattern confirming the 

hematite phase. 
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The photoelectrochemical performance of the α-Fe2O3 photoanode was studied systematically in 

both single- and parallel-illumination modes as shown in Figure 4.19 a). The photoelectrochemical 

performance was recorded in 1 M NaOH (pH 13.8) at standard 1 sun illumination condition, and the 

rationale behind the observed photoelectrochemical performance is shown in Figure 4.19 b). Figure 4.19 a) 

shows the linear sweep voltammograms (LSVs) for the pristine α-Fe2O3 that oxidizes water with a Jph of 

0.80 mA/cm2 at 1.23 VRHE against a Pt counter electrode, which is in agreement with previous studies57, 58. 

Consistent with the expectation that hole diffusion limits the performance of pristine hematite photoanodes, 

I found that the Jph barely changes (0.77 mA/cm2) when p-Si/TiO2/NiOx replaces the rare and expensive Pt 

as shown in Figure 4.19 (a) (blue trace – only α-Fe2O3 is illuminated). Remarkably, an unprecedented 

increase in Jph to 1.26 mA/cm2 (Figure 4.19 (a) – red trace) was recorded when both α-Fe2O3 and p-

Si/TiO2/NiOx were illuminated simultaneously in a parallel-illumination mode. The proposed band energy 

schematic as shown in Figure 4.19 (b) provides a rational basis for the overall water splitting using dual 

photoelectrodes under parallel illumination. The observed significant increase in the Jph (~60%) under 

parallel-illumination mode may be attributed to the enhanced minority carrier generation at the p-

Si/TiO2/NiOx photocathode, leading to the increased availability of hole-flux at the surface of α-Fe2O3 for 

water oxidation. The increased hole current in parallel illumination is evident when compared with the LSVs 

of single-illumination mode, where only α-Fe2O3 is illuminated but not Pt or p-Si/TiO2/NiOx. The stability 

test of the photoelectrodes during the parallel-illumination mode was performed for six hours at 1.4 VRHE as 

shown in Figure 4.20 a). A stable photocurrent density of 1.57 mA/cm2 was recorded at 1.4 VRHE. Figure 4.20 

b) and c) show the effect of single and parallel illumination of both the photoelectrodes. The photogenerated 

gases evolved during the parallel-illumination photoelectrochemical water splitting were detected using gas 

chromatography as shown in Figure 4.20 (d). It was observed that six hours of continuous parallel-

illumination (PI-mode) resulted in ~158 µmol/cm2 of H2 and ~78 µmol/cm2 of O2, corresponding to a 

Faradaic efficiency of ~96% for the respective photogenerated gases.  
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Figure 4.19: a) Linear sweep voltammograms of a pristine α-Fe2O3 photoanode vs. Pt or p-

Si/TiO2/NiOx in 1 M NaOH (pH 13.8) under standard (1 sun) single or parallel-illumination 

(PI-mode). (b) Schematic band diagram illustrating Z-scheme overall water splitting. 
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Figure 4.20: Photo-electrochemical characterization of α-Fe2O3 vs p-Si/TiO2/NiOx in 1 M 

NaOH (pH 13.8) under standard (1 sun) parallel illumination mode (PI-mode) a) Photo-

current density measured at 1.4 VRHE; b) magnified section showing the photocurrent when 

only α-Fe2O3 is illuminated; c) magnified section showing the  dark current; d) comparison 

of calculated and measured photo generated hydrogen and oxygen (illuminated area of α-

Fe2O3 was 0.09 cm2 and that of p-Si/TiO2/NiOx was 0.18 cm2 ). 
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Figure 4.21: Photo-electrochemical performance of α-Fe2O3 vs Pt or p-Si/TiO2/NiOx in 1 M 

NaOH (pH 13.8) under standard (1 sun) single or parallel illumination (PI-mode) derived 

from LSVs shown in (Figure 1) a) ABPE (%) b) flat-band potential (Vfb) and c) Vonset. 
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A quantitative analysis as shown in Figure 4.21 of the LSVs [shown in Figure 4.19 (a)] provides the 

applied bias photocurrent efficiency [ABPE, Figure 4.21 (a)], the flat band potential [Vfb, Figure 4.21 (b) and 

the Vonset (Figure 4.21 (c)]. The parallel-illumination mode exhibits a maximum ABPE of ~0.14% which is 

almost 77% higher than with the non-photoactive Pt as the counter electrode. Furthermore, the Vfb and the 

Vonset deduced in the parallel-illumination mode are 100 mV and 40 mV lower compared to expensive Pt as 

a counter electrode, respectively. Lower Vonset and Vfb further substantiate that, when p-Si replaces Pt as the 

photocathode, the increased hole-flux enhances the space charge region, resulting in majority photo-carriers 

generation in the space charge region and leaving the minority carrier (holes) for enhanced water oxidation. 

The larger cathodic shift in Vonset during the parallel-illumination mode is indicative of an effective charge 

transfer at the photoanode/electrolyte interface through resonance tunneling147. These remarkable results 

further substantiate the idea that the extra holes provided by the p-Si/TiO2/NiOx photocathode increased 

the hole-flux towards water oxidation by enhancing the space charge region in the α-Fe2O3 photoanode. The 

observation is in agreement with earlier studies148-150; wherein a large enough space charge region (increased 

space charge field) leads to the generation of relatively “long-lived” photogenerated holes that accumulate 

at the α-Fe2O3 electrode surface, resulting in increased O2 evolution.  

Charge Transport Kinetics Paper II 

Nyquist plots for a parallel illumination scheme that illustrate the PEC performance of pristine 

hematite when operated against a Pt or p-Si/TiO2/NiOx photocathode are shown in Figure 4.22. They show 

that replacing the Pt counter electrode by the p-Si/TiO2/NiOx photocathode improved the interfacial charge 

transfer kinetics significantly in PI mode. The charge transfer resistance (RCT2- larger semicircular region) 

across the photoanode/electrolyte interface reduced from 439.8 Ω to 298.2 Ω. The 33% decrease in RCT2 is 

attributed to the favorable band edge shift in both α-Fe2O3 and p-Si/TiO2/NiOx under parallel-illumination 

leading to a more effective transfer of photo-excited charge carriers to the surface of the respective 

photoelectrodes. This effective band edge shifts also increased the surface charges of the α-Fe2O3 

photoanode, thereby allowing for a better surface adsorption of OH- onto α-Fe2O3, which improved the 

charge transfer kinetics at the photoanode/electrolyte interface. However, the Z-scheme configuration also 

led to an undesired increase in hole recombination losses in the bulk of the α-Fe2O3 photoanode, as 

witnessed by the increased intrinsic charge transfer resistance (RCT1- smaller semicircular region) from 

42.09 to 64.26 Ω. This suggests that the sluggish hole mobility in the hematite photoanodes and the 

resulting recombination losses remained a bottleneck for the overall performance, in agreement with several 

previous studies147, 151, 152.  
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Figure 4.22: Nyquist plots for α-Fe2O3 vs Pt or p-Si/TiO2/NiOx in 1 M NaOH (pH 13.8) under 

standard (1 sun) single or parallel illumination (PI-mode).The insets shows the equivalent 

circuit employed for analyzing the Nyquist plots. The fit data are provided in the 

supplementary materials of Paper II. 

 

Electronic Structural Stability of Photoelectrodes 

 

The electronic structural stability of the photoelectrodes were analyzed using X-ray spectroscopy. 

The photoelectrodes were examined by X-ray spectroscopy before and after the PEC experiment. The 

electronic structure stability of the α-Fe2O3 photoanode and the p-Si/TiO2/NiOx photocathode is evident 

from the high-energy X-ray spectroscopy spectra of α-Fe2O3 and p-Si/TiO2/NiOx   acquired at the Fe Kα1 

and Ti Kα1 edges as shown in Figure 4.23, respectively. I observed in paper I that the TiO2 interstitial layer 

undergoes significant electronic and structural changes upon decoration with co-catalysts such as CoOx or 

NiOx that are critical for the performance. This is the primary reason to check the stability of p-Si/TiO2/NiOx 

photocathode at the Ti edge.   
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Figure 4.23: The electronic structure stability of the α-Fe2O3 photoanode and the p-

Si/TiO2/NiOx (p-Si) photocathode as evident from the high-energy X-ray spectroscopy 

spectra of α-Fe2O3 and p-Si/TiO2/NiOx   acquired at the Fe Kα1 and Ti Kα1 edges, respectively. 

The panels compare the spectra obtained before (red trace) and after (blue trace) the 6 hour 

photo-electrochemical water splitting experiment in parallel illumination mode. (a) and (c) 

HERFD-XANES acquired at Fe Kα1 and Ti Kα1, respectively. (b) and (d): X-ray emission 

spectra (XES) acquired at Fe Kα1 and Ti Kα1, respectively. 

 

The results presented in paper II also demonstrate that aqueous NaOH (pH 13.8) is a favorable 

environment for both the α-Fe2O3 photoanode and the p-Si/TiO2/NiOx photocathode, allowing stable Z-

scheme device operation for overall light-driven water splitting with significantly better performance as 

compared to Pt counter electrodes. Table 4.2 gives an overview of the photoelectrodes arranged in either 

parallel or tandem mode for overall water splitting application. 
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Overview of Paper III 

The results obtained in Paper II forms the basis of Paper III.  I conceptualized my experiments for 

paper III, wherein I modified the photoanode. The FTO substrate was replaced with n-Si MW substrate. As 

holes are the minority charge carriers in n-Si MW substrate as photoanode, it fits as a suitable candidate for 

effective band edge positing while designing a Z-scheme in combination with NiOx functionalized p-Si MW 

as photocathode. The n-Si wafers were subjected to MACE so that n-Si MWs arrays could be obtained. These 

n-Si MWs were then spin-coated with the TiO2 sol, followed by hydrothermal growth of Fe2O3 nanorods. 

The n-Si/TiO2/α-Fe2O3 photoelectrode was annealed at 380°C to maintain the anatase features of the 

interstitial TiO2 layer. The PEC performance of the functionalized p-Si and n-Si was studied in parallel 

illumination mode. A schematic overview of paper III is presented in Figure 4.24. 
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Figure 4.24:  A schematic overview of Paper III.
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n-Si/TiO2/α-Fe2O3 Photoanode vs. p-Si/TiO2/NiOx Photocathode 

 

Selection of the counter electrode for parallel illumination configuration in PECs plays a substantial 

role to achieve an efficient overall solar water splitting reaction. This study is based on the proof of concept  

shown in Paper I. Figure 4.25 shows the arrangement of photoelectrodes for the experimental. Figure 4.25 

“First Configuration” is the control experiment, wherein the PEC performance of my photoanodes were 

measured against Pt. Figure 4.25 “Second and Third Configuration” expensive Pt is replaced by p-

Si/TiO2/NiOx photocathode and PEC performance were measured by illuminating either only photoanode 

or both photoanode and photocathode simultaneously. A slightly oversized photocathode helps to avoid 

reaction kinetic limitations at the photoelectrode surfaces13. To make dual photoelectrode devices 

commercially viable they must be earth-abundant (cost-effective), must have suitable Eg (capable of 

absorbing a wide solar spectrum), and must be highly stable (corrosion resistant). As Si and Fe2O3 are among 

the earth abundant materials with band gaps of 1.1 and 2.1 eV, I met the first two criteria easily. The last 

criterion of the photoelectrodes being stable in the aqueous environment, I apply a thin interstitial layer of 

TiO2 on the surface of Si. TiO2 and Fe2O3 are stable at high pH, so I focus on the stability of Si MW substrate. 

TiO2 is well known for its stabilizing properties in addition to its efficient charge transfer properties between 

the Si substrate and the co-catalysts. However, there is still a lack of information from an electronic structure 

perspective on how the TiO2 interstitial provides the necessary efficient charge transfer capabilities. I 

provide the answer on interstitial TiO2 layer’s capabilities for efficient charge transfer in Si MW 

photoelectrodes for the first time using RIXS. This is explained in the later part of the section. 

 

 

 

Figure 4.25: Schematic of the experimental configuration arranged in parallel illumination mode 

employing Pt or functionalized p-Si as cathode or photocathode respectively and n-Si/TiO2/α-Fe2O3 

as photoanode. 
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Morphology and Elemental Characterization of Functionalized Si MWs 

 

The n-Si MW were synthesized using MACE and subsequently spin-coated with a stabilizing TiO2 

layer. The α-Fe2O3 nanorods were hydrothermally grown on the surface of n-Si MW/TiO2 leading to the final 

photoanode configuration of n-Si MW/TiO2 /α-Fe2O3 . Figure 4.26 a) shows the cross-sectional SEM image 

of TiO2 coated n-Si MWs and a magnified view of a) is depicted in b). Figure 4.26 c) shows the cross sectional 

SEM image of n-Si/TiO2/ α-Fe2O3 photoanode and the magnified view is shown in Figure 4.26 d). As the 

samples were annealed at 380°C, the Fe2O3 nanorods were present in mixed alpha and beta phases as 

confirmed by the XPS spectra shown in Figure 4.27. In this experiment, I noticed that TiO2 plays three 

important roles: in addition to 1) stabilizing the Si photoelectrode substrate and 2) reducing recombination 

losses and acting as an efficient charge transporting layer, it provides 3) the necessary template for the 

hydrothermal growth of Fe2O3 nanorods on its surface. The Fe2O3 nanorods were approximately 200 nm 

long, while the n-Si/TiO2 MWs were approximately 25 µm long. The uniform coverage of Fe2O3 nanorods on 

the surface of n-Si interfaced with mesoporous TiO2 is the key reason for the enhanced PEC performance of 

the n-Si/TiO2/α-Fe2O3 nanorods photoanode, because that shortens the whole transport pathways and thus 

minimizes recombination losses. I noticed that in the absence of the interstitial TiO2 layer, the α-Fe2O3 

nanorods are disseminated all over the n-Si MWs surface. Figure 4.28 shows the SEM image of n-Si MW/α-

Fe2O3 without the interstitial TiO2 layer. As the iron precursor is acidic in nature and in the absence of TiO2 

it etches the Si surface both vertically and axially, resulting in lowering the length of MWs but about ten 

times larger α-Fe2O3 rods that are placed all over the surface with less direct contact to the Si substrate. 
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Figure 4.26: Cross-sectional SEM Images n-Si/TiO2 (a, b) and n-Si/TiO2/α-Fe2O3 nanorods (c, 

d). 
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Figure 4.27: XPS spectra for n-Si/TiO2/ α-Fe2O3: a) Si 2p3/2 and Si 2p1/2 at 99.4 eV and 101.8 eV 

respectively. SiO2 signature is denoted at 103.6 eV b) Ti 2p3/2 and Ti 2p1/2 at 458.5 eV and 464.3 

eV respectively, confirming the anatase like features of our mesoporous TiO2 c) Fe 2p3/2 and 

Fe 2p1/2 at 710.9 eV and 724.2 eV respectively, indicating a mixed phase of α-Fe2O3 and 

FeOOH, predominantly α-Fe2O3 d) indicate the presence of oxides of Ti and Fe. 
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Figure 4.28: SEM image of n-Si/α-Fe2O3 without interstitial TiO2 layer, evidently showing 

vertical corrosion of Si MWs and spreading of Fe2O3 nanorods on the surface of Si MWs. 

 

Photoelectrochemical Characterization  

The selection of the counter electrode for parallel illumination configuration in PECs plays a 

substantial role in achieving an efficient overall solar water splitting reaction. In Figure 4.25, the first 

configuration is the control experiment in the study. I performed a systematic PEC study on our n-

Si/TiO2/α-Fe2O3 nanorod photoanode, as shown in Figure 4.25, first configuration versus the expensive and 

rare Pt coil, resulting in a Jph of 3.9 mA/cm2 in alkaline pH (NaOH) at 1.23 VRHE, as shown in Figure 4.29 (a) 

(wine trace); this is nearly 500% higher than obtained with the pristine and non-nanostructured FTO/α-

Fe2O3 photoanode. The incredible performance of our n-Si/TiO2/α-Fe2O3 nanorod photoanode is attributed 

to the 1D microstructuring of the n-Si MWs and the presence of the TiO2/Fe2O3 nanorod scaffold/absorber 

interface that allows for good contact and short charge carrier pathways in α-Fe2O3. As shown in Figure 4.29 

(a) the Jph increases slightly from planar n-Si (green trace) to n-Si MWs (purple trace). The Jph further 

increases with the application of a TiO2 layer (Figure 4.29 a - black trace) on the surface of n-Si 

microstructures and is consistent with the data I presented in paper I. This is because the TiO2 layer helps 

to passivate surface defects of the n-Si MWs, reducing the surface charge recombination. I also found that 

the interstitial TiO2 layer has a significant role in providing a template for the hydrothermal growth of Fe2O3 
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nanorods on the surface of the TiO2-coated n-Si MWs. This template results in the well-oriented growth of 

Fe2O3 nanorods, which is not possible in the absence of the interstitial TiO2 layer. I found that without the 

TiO2 layer on the n-Si MWs, the Fe2O3 nanorods were approximately 5-times larger and spread unevenly 

over the surface of n-Si MWs. This larger size and unevenly/non-oriented growth of α-Fe2O3 nanorods on 

the surface of n-Si MWs leads to the sluggish PEC performance as evident from Figure 4.29 a) blue trace. 

Figure 4.29 b) shows the linear sweep voltammograms (LSVs) for the n-Si MWs decorated with α-Fe2O3 

nanorods with and without the interstitial TiO2 layer. In the absence of the TiO2 layer and at 1.23 VRHE, a Jph 

of 1.19 mA/cm2 was achieved, which significantly increases to 3.9 mA/cm2 in the presence of an interstitial 

TiO2 layer. The almost 220% increase in the Jph and the cathodic shift of almost 0.6 VRHE in the presence of 

the TiO2 layer further substantiate that the surface charge recombination can be effectively suppressed by 

applying an interstitial TiO2 layer. This result is consistent with the data I presented in paper I on 

functionalized p-Si MWs photocathodes, where an interstitial TiO2 layer in combination with the NiOx co-

catalysts enhanced the photocathodic performance.  

As shown in Figure 4.25 in the second and third configuration, the PEC performance of the n-

Si/TiO2/α-Fe2O3 nanorod photoanode was measured against p-Si/TiO2/NiOx. First, the PEC performance of 

the n-Si/TiO2/Fe2O3 nanorod photoanode was measured in aqueous NaOH (pH 13.8) by illuminating only 

the photoanode, wherein the Jph of 3.9 mA/cm2 was recorded at 1.23 VRHE as shown in Figure 4.29 c) (dark 

gray trace). This result further substantiates that our photoactive and cost-effective p-Si photocathode has 

a potential to replace Pt as counter electrode. The Jph further increases to 5.6 mA/cm2 when both the 

photoelectrodes are illuminated. To the best of my knowledge, this is the highest Jph recorded for n-Si and 

Fe2O3 nanorod-based photoanode devices without the use of Pt either as a co-catalyst or counter electrode. 

Xiaopeng Qi et.al.43 reported the PEC performance of n-Si/α-Fe2O3 with a Jph of 5.28 mA/cm2 for a 25 µm 

Si microwire at 1.23 VRHE and measured that against Pt. They coated their n-Si MWs using a Fe(NO3)3 

precursor, leading to the formation of n-Si/α-Fe2O3 core/shell structure. Recently, Zhongyuan Zhou et.al. 
153reported the PEC performance of Sn-doped hematite film grown on Si MWs, wherein they achieved a Jph 

of 3.12 mA/cm2 at 1.23 VRHE when measured against Pt. They also fabricated a core/shell structure of n-Si/α-

Fe2O3 using a Fe(NO3)3 precursor. In contrast the incredible performance of the n-Si/TiO2/Fe2O3 nanorod 

photoanode was achieved in my study was without the use of a dopant.  
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Figure 4.29: Linear sweep voltammograms recorded under 1 sun illumination in 1 M NaOH 

(pH 13.8) (a) planar n-Si, a surface etched n-Si with microwires (p-Si), and functionalized n-

Si photo-electrodes (b) functionalized n-Si photoanode with and without the interstitial TiO2 

layer (c) parallel-illumination of functionalized p- and n-Si photoelectrodes (d) dark-

currents 

The extraordinary performance of our n-Si/TiO2/Fe2O3 nanorod photoanode is attributed mainly to 

the interstitial TiO2 layer, which provides a necessary template for the uniform, well-oriented and high 

surface area Fe2O3 nanorods, leading to the formation of uniformly grown photoanode and the coupling with 

an efficient p-Si photocathode. The parallel-illumination of functionalized p- and n-Si photoelectrodes 

enhances hole-flux towards the n-Si photoanode, which increases the minority charge carrier towards the 

electrode/electrolyte interface for water oxidation. 

 Effects of co-catalysts on the Local Geometry of TiO2 

The PEC performances of the photoelectrodes (both photoanode and photocathode) presented in 

the last section clearly indicate the importance of TiO2 in enhancing the overall performance of the PEC 

devices. I investigated by X-ray spectroscopy how the interstitial TiO2 layer on the surface of Si MWs, when 

decorated with α-Fe2O3, helps to improve the PEC performance. The X-ray spectroscopic data was thus 
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collected at the Ti and Fe K-edge to understand the role of TiO2 in comparison to α-Fe2O3. Based on the 

changes in the electronic structural changes, the underlying influence for an efficient PEC performance of 

n-Si/TiO2/α-Fe2O3 photoanodes can be understood. Figure 4.30 present fluorescence-detected XANES 

spectra acquired at the Ti and Fe K-edge. As TiO2 is coated first on the Si MW, XANES was acquired on 

Si/TiO2 and was compared with our TiO2. Figure 4.30 a) shows that the electronic structure of our TiO2 is 

unaffected when coated on Si MWs. Similarly, XANES was acquired for our Fe2O3 and Fe2O3/TiO2 and I 

observed that TiO2 does not induce any changes in the electronic structure of Fe2O3 as shown in Figure 4.30 

b). However, Fe2O3 in combination with Si induces changes at the electronic structure of TiO2 and is 

presented in Figure 4.30 c) and d). Based on the observation from Figure 4.30, I compared TiO2/Fe2O3 and 

Si/TiO2/Fe2O3 samples in the following study. 

 

 

 

Figure 4.30: HERFD-XANES spectra acquired for n-Si/TiO2/α-Fe2O3 photoanodes at the K-

edge of a), c) Ti and b), d) Fe. 
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I observed that the TiO2/α-Fe2O3 interaction, with or without Si MWs, results in significant 

electronic changes at the Ti pre-edge, which were much less pronounced in the Fe edge. This result clearly 

establishes that the significant electronic changes at the Ti edge for the n-Si/TiO2/α-Fe2O3 photoanodes as 

compared to Fe edge is the reason for an efficient PEC performance of my photoanode. To substantiate my 

claim of TiO2 being the prime component of my photoanode, XES was performed at both Ti and Fe Kβ 

fluorescence lines. Figure 4.31 shows the Kβ-XES acquired at Ti edge. From Figure 4.31 b), c) and d) it is 

evident that the TiO2 undergoes electronic changes and is consistent with the XANES spectra shown in 

Figure 4.30. The vtc-emission line shown in Figure 4.31 d) shows that the valence state of TiO2 is highly 

influenced in presence of Si MWs. I also acquired the Fe Kβ vtc-emission spectra to check if I can observe 

any changes at the Fe Kβ emission spectra. Figure 4.32 shows the Kβ- XES acquired at Fe edge. As expected, 

the Fe Kβ emission spectra does not show any changes and is consistent with the XANES spectra shown in 

Figure 4.30. 

 

 

Figure 4.31: XES spectra acquired for n-Si/TiO2/α-Fe2O3 photoanodes at the Ti Kβ edge a) 

merged Kβ main and vtc-XES, b) Kβ1,3 c) Kβ’’ and d) Kβ 2,5. 
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Figure 4.32: XES spectra acquired for n-Si/TiO2/α-Fe2O3 photoanodes at the Fe Kβ edge a) 

merged Kβ main and vtc-XES, b) Kβ1,3 c) Kβ’ and d) Kβ 2,5. 

The Kβ main spectral features are comprised of a strong Kβ1,3 and a broad Kβ’ line. The Kβ’ lines are 

less intense than the Kβ1,3 lines and appear at lower emission energies. Nominal spin states of the compound 

can be estimated by using Kβ data reduction techniques, for instance, “integrated absolute difference” (IAD) 

and “first moment” analysis. The 3p–3d interaction results in the splitting of Kβ1,3 and Kβ’ lines. In other 

words, as the 3p–3d exchange interaction decreases, the Kβ1,3 and Kβ’ lines come closer, leading to final 

spin-states of S = 0, 1/2, or 5/2, depending on the t2g to Eg transition. This is the main reason for the absence 

of Kβ’ line in Figure 4.31. Figure 4.31 and 4.32 show the Kβ main lines along with the valence to core emission 

lines acquired at the Ti and Fe edges, respectively. The aim in collecting the Kβ emission lines at the Ti and 

Fe K-edges was to validate the differences observed in Figure 4.30 and thereby further substantiate that the 

TiO2 plays a substantial role in the overall efficiency of the PEC performance, based on the changes in the 

oxidation state of TiO2. It is evident that the electronic structural changes observed in Figure 4.31 at the Ti 

edge are significant and real and are not observed at the Fe edge. Figure 4.32, panels b) through d) clearly 

show that the changes induced by Fe2O3 on TiO2 are much more pronounced than those induced by TiO2 on 

Fe2O3 [Figure 4.32 b) through d)]. These changes were further observed at the Ti Kα emission lines, as shown 

in Figure 4.33.  
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Figure 4.33: XES spectra acquired for n-Si/TiO2/α-Fe2O3 photoanodes at the Ti Kα-edge. 

 

vtc-RIXS 

 

The insight on the role of TiO2 and the changes induced in TiO2 by Fe2O3 can be explained by vtc-

RIXS (photon-in-photon-out) spectroscopy. As mentioned in the Theory, Chapter 2, the element-selective 

RIXS can be described by the Kramers–Heisenberg equation. In vtc-RIXS, a radiative valence state decay 

(3d to 1s) is recorded. The RIXS plane can be obtained by simultaneously varying the incident (Ω) and 

emitted (ω) energy. The recorded intensity, as per the Kramers–Heisenberg equation, is then plotted as a 

2D plane. The 2D RIXS plane is thus a contour plot of incident energy versus energy transfer. Various 

information can be extracted by taking a line scan (slice) of the 2D RIXS plane. A diagonal slice of the RIXS 

plane provides high-resolution information on the pre-edge of XANES and is thus referred to as HERFD-

XAS or constant emission energy (just like in XAS). Similarly, a vertical scan at certain energy can provide 

information on the emitted fluorescence energy (just like in XES), which is obtained at constant energy 

transfer. Similarly, an energy transfer plot versus constant incident energy scan can also be extracted (see 

Figure 2.17, bottom right panel115). Thus, a careful analysis of RIXS planes can provide information on the 
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interference effects between intermediate states that decay to final states. The prominence of RIXS 

experiments lies in the fact that changes in peak intensities do not shift the energies during the transitions. 

Thus, the changes in the 2D vtc-RIXS peak intensities (that can be extracted as line scans) can be one of the 

indicators of changes in the valence state. Figure 4.34 shows the vtc-RIXS plots for our TiO2, Si/TiO2, and 

Si/TiO2/α-Fe2O3, along with the respective line scans.  

 

 

 

Figure 4.34:  vtc-RIXS acquired at Ti edge shows 2D RIXS plane for the respective samples 

and the corresponding diagonal scan to depict the pre-edge region of TiO2. 

As seen in Figure 4.34, in the vtc-RIXS plot and the corresponding HERFD-XAS, the intensity of 

pre-edge peak A1 decreases for Si/TiO2/α-Fe2O3. While comparing the pre-edge peaks in Figure 4.34 with 
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the ones in the Figure 4.30 a), one can easily see an additional shoulder at ~ 4971 eV (towards lower energy) 

and at peak A2 (~ 4972 eV). Such high spectral resolution line spectra can be extracted from the RIXS plane 

and help in easily distinguishing the XAS pre-edge features. As the A1 peak arises from the transitions a few 

eV below the fermi energy level and close to valence band maximum, the peak intensity of A1 may provide 

necessary information on the charge transfer during the PEC experiment. Such a transition can be validated 

using a molecular orbital approach with the help of ligand field theory (LFT). My PhD research does not 

provide information on the computational or LFT-based studies and this type of analysis is one of the goals 

for my future studies.  

In Figure 4.34, the intensity of pre-edge peak A1 decreases for the Si/TiO2/α-Fe2O3 compared to 

Si/TiO2, which may be a reason for the enhanced PEC performance of my Si/TiO2/α-Fe2O3 photoanode in 

the presence of the interstitial TiO2 layer. The decreased intensity also refers to the reduced number of 

charge carriers at the Ti t2g bands, which further explains the better PEC performance of Si/TiO2/α-Fe2O3. 

In such a case, Fe electrons are expected to be localized in the conduction band of TiO2, resulting in the d-d 

excitation. The increased peak intensity of a small shoulder at A2 may be because of the alteration of un-

occupied orbitals of t2g, which changes as soon as α-Fe2O3 nanorods grow on TiO2. Thus, the decreased 

intensities of t2g bands of TiO2 due to α-Fe2O3 nanorods decorations from the RIXS line scan clearly indicate 

the decreased intensity of excited Ti valence state, thereby suppressing the charge recombination at the TiO2 

interface and leading to higher photocurrent upon illumination. 

 

Unbiased PEC device 

 

PEC device performance of n-Si/TiO2/α-Fe2O3 and p-Si/ TiO2/NiOx  in parallel illumination was first 

tested at an applied potential of 0.9 VRHE in two electrode configuration (short-circuit). An applied bias 

measurement was performed for 10000 seconds. The idea behind the measurements was to check the 

stability of the photoelectrodes at applied potential.  Figure 4.35 a) shows the chronoamperometric 

measurements in short-circuit mode with Jph of ~2 mA/cm2 at 0.9 VRHE.  Small spikes were due to the gas 

bubbles attached to the surface that were removed with continuous stirring. 

For unbiased PEC device performance the PEC reactor was again filled with fresh electrolyte and 

purged for 3 hours with argon. Both the photoelectrodes were connected in short-circuit mode and 

illuminated simultaneously. The gas measurements were performed continually for 11 hours where 100 µl 

of aliquot was taken from headspace and injected in GC to detect photogenerated gases. Figure 4.35 b) shows 

the photogenerated H2 and O2. The photogenerated gases were found to be in stoichiometric ratio during 

the course of reaction. The direct solar to hydrogen efficiency was calculated to be 1.22 %. The highest 

reported STH for the oxide semiconductor photoelectrodes arranged in tandem configuration is 3% 63. Table 

4.2 shows some of the prominent work for dual photoelectrode systems either arranged in parallel or tandem 

configuration. Approximately 21 mmol/cm2 of H2 while around 11 mmol/cm2 of O2 were photogenerated 

after 11 hour in un-biased condition. 
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Figure 4.35:  PEC performance in short-circuit mode a) chronoamperometric measurement 

in 1 sun illumination mode and under 0.9 VRHE bias condition b) unbiased condition: GC 

measurements demonstrating stand-alone PEC device with the continuous generation of 

photogenerated H2 and O2. 
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Table 4.1: Literature overview on Si based photoelectrodes for solar water splitting 

Photoelectrodes 

 

 (pH) Absolute 

Photocurrent 

Density 

 @ VRHE 

@ VSCE* 

@ VAg/Agcl** 

mA/cm2 

Stability 

 

Reference 

p-Si MW/TiO2/NiOx 7 1.5@ 0 6 (hours) Paper I 

p-Si MW/TiO2/NiOx 8.4 1.5@ -0.3 8 (hours) Paper I 

p-Si MW/TiO2/CoOx 7 0.48@ 0 6 (hours) Paper I 

Planar p-Si/TiO2 7 0.9 @ - 1.6 ~ 10 (hours) 154 

Porous Si/Pt 0, 14 4.0 @ 0* ~ 60 (days) 155 

Planar p-Si/Si3N4 7 0.25 @ -1.28** NA 156 

p-Si NW/TiO2 14 ~ 0.2 @0* NA 45 

n-Si NW/TiO2 14 ~ 0.25 @0* NA 45 

p-Si NW/TiO2/Fe2O3 7.2 0.55 @0 NA 157 

p-Si NW/n-ZnO 7.2 1.45@-0.33 24 (hours) 44 

p-Si NW/SnO2/Fe2O3 7.2 1.00@-0.33 2.5 (hours) 158 

p-Si NW/MoS2 1 17.0@0 3 (hours) 159 

p-Si Nanopillars/NiCoSex 1 37.5 @ 0  2 (hours) 143 

p-Si NW/Ni(TEOA)2Cl2 1 5.57 @-0.4 24 (hours) 142 

p-Si Nanopillars/Mo3S4 1 ~ 10@0 24 (hours) 160 

Planar Si/Ti/Ni > 13 10.0 @ 0.1 12 (hours) 161 

Planar Si(n+Si) < 1 16.5 @ 0 NA 162 
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p-Si NW/Pt 1 ~ 21@-0.3* 10 (minutes) 163 

p-Si NW (pn+) 4.5 10.1 @ 0 9 (days) 164 

Planar p-Si (pn+)/TiO2/Ti/Pt 0 20@0.3 20 (days) 165 

Etched p-Si (pn+)/TiO2/Ir 14 30 @0.3 3 (days) 127 

Planar p-Si (pn+)/Pt 0 ~ 28 @0 NA 49 

p-Si (pn+) MW/Pt 0 ~ 16 @0 NA 49 

p-Si/MoS3 1.7 ~ 25 @0 30 (minutes) 166 

p-Si NW/Pt 1 ~ 9.5 @0 NA 167 

p-Si NW/TiO2/Pt 0.42 ~ 9.5 @-0.28 2 (hours) 168 

p-Si NW/TiO2/Pt 14.2 ~ 24 @-0.28 2 (hours) 168 

p-Si/W2C/Pt ~ 1 ~ 18 @0 1 (hour) 169 

Planar p-Si /TiO2 NRs/Pt ~ 1 ~ 40 @0 52 (hours) 170 

a-Si/TiO2/Pt 4 ~ 11 @0 12 (hours) 171 

a-Si/Co/NiMoZn 9.2 ~ 0.39@0.55 12 (hours) 172 

n-Si/WO3 7.02 2.7 @0.61 NA 173 

n-Si NW/TiO2/NiCrOx 13.6 7.1 @1.6 >2200 (hours) 174 

n-Si NW/α-Fe2O3 13.8 5.28 @1.23 2.5 (hours) 43 

Planar n-Si/ITO/NiOx Ir 7.2 ~ 0.17@1.23 >(1 hour) 175 

Planar nc-Si/SiO2/p-Si/SiO2/nc-

Si/TiO2/Pt 

0 20.5@0.4 >40 (days) 176 

Planar n-Si/Pd/Mn2O3 4.7 1.4@1.3 25 (days) 177 

Planar n-Si/TiO2/Ir 0 ~ 1@1.0 NA 20 

Planar n-Si/MnOx 14 22.5@1.6 ~ 1 (hour) 178 

Planar n-Si (np+)/TiO2/Ni 14 40@2 (1.25 Suns) 10 (days) 21 

mailto:0.17@1.23
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Planar n-Si (np+)/CoOx 13.6 10@1.23 1(day) 179 

Planar n-Si/TiO2/Ni 14 35@1.85 32 (hours) 128 

Planar n-Si (n+p+)/NiCoOx/Co 14 21.3@1.2 6(days) 180 

Planar n-Si/TiOx/ITO/NiOOH 12 13@1.23 8 (hours) 181 

Planar n-Si/SiOx/Co/CoOOH 9 35@0.6** 120 (hours) 182 

Planar n-Si/SiOx RCA/CoOx 13 30@1.63 (1.1Sun) 2500 (hours) 183 

Planar n-Si/SiOx/Ni (NiOOH) 13.8 ~ 33@1.23 40 (hours) 184 

Planar n-

Si/SiOx/Ni/NiOx/NiFe-LDH 

13.6 ~ 37@1.23 60 (hours) 185 

Planar n-Si/SiOx/Ni-Co 9 ~ 6@1.723 100 (hours) 186 

Planar n-Si/SiOx/Ni-Co 13.6 ~ 25@2.9 12 (hours) 187 
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Table 4.2: Photoelectrochemical performances of semiconductor photoanodes measured 

against another semiconductor photocathode 

 

Photoanode Photocathode Illumination 

mode 

(pH) 

Jph (mA/cm2)@1.23 

VRHE 

STH* 

ABPE** 

APCE*** 

Ref 

FTO/α-Fe2O3 p-Si 

MW/TiO2/NiOx 

Parallel (13.8) 1.26 Paper II 

n-Si MW/TiO2/ α-

Fe2O3 

p-Si 

MW/TiO2/NiOx 

Parallel (13.8) ~5.6 

~1.23* 

Paper III 

FTO/iron-

oxide/NiFeOx (re-

growth treatment) 

a-Si/TiO2/Pt Tandem (11.8) ~ 1.2 

0.91* 

188 

Co-Pi/BiVO4 p-Cu2O Tandem (6.0) ~ 3 

0.5* 

189 

Co-Pi/Mo-BiVO4 Pt/n/p- Si NWs  Tandem (7.0) 0.57* 190 

Co-Pi/BiVO4 Zn-InP/TiO2/Pt  Parallel (7.0)  0.5* 103 

BiVO4/NiFeOx Pt/Mo/Ti/CdS/In2S

3/(ZnSe0.85CuIn0.7G

a0.3Se2)0.15/Mo/SLG

/Ti  

Parallel (9.2) 1.0* 108 

FeOOH/Mo:BiVO4/

FTO 

Ni/Si-cell/FTO  Parallel (7.0) 2.5* 105 
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Overview of Paper IV 

Hitherto, Papers I to III, I have carefully studied and characterized interstitial TiO2 layer and the 

co-catalysts employed in my photoelectrodes. Paper IV focus on the study of Si MW substrate and the effects 

induced by Si on the TiO2 and co-catalysts. Figure 4.36 shows the schematic overview of Paper IV. In this 

paper, I studied the role of Si substrate using X-ray Raman spectroscopy. The study was performed at the 

ID-20 beamline of ESRF. The data was acquired for planar Si and for bare and functionalized Si MWs. The 

measurements were performed at the Si L-edge and the data was recorded in dark and illumination. The 

clear difference in the spectral features at Si edge for the bare and functionalized samples were observed. In 

addition, the dark and illuminated samples also showed significant spectral changes. Paper IV also 

completes my study on the functionalized p- and n-Si photoelectrodes.  The data presented are the collected 

just a week before the thesis printing and are preliminary data. The data presented are without the 

background correction, however Paper IV provides a brief assessment at the Si LII, III edge. 
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Figure 4.36: Schematic overview of Paper IV. 
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Non-resonant in-elastic X-ray scattering  

The data presented in Papers I to III show that the combined effect of TiO2 and the co-catalysts (NiOx or 

α-Fe2O3) plays a significant role in enhancing the PEC performance of our water splitting device. However, the 

papers do not discuss in detail the role of Si towards the PEC water splitting. I have established in Paper I that 1D 

morphology of Si (Si MW) helps in improving the exciton charge carrier transfer compared to the planar Si.  As Si 

is highly susceptible of forming an oxide layer on its surface, a thin TiO2 layer was applied on it, which additionally 

increased the PEC performance.  The PEC performance was found to increase even more on decoration with 

different co-catalysts.  

 Changes in the bare and functionalized Si MW substrate, were carefully studied in Paper IV employing X-

ray Raman spectroscopy. The measurements were performed in the dark and under illumination. X-ray Raman 

spectroscopy is also referred as non-resonant in-elastic X-ray scattering (NRIXS). In NRIXS, the incoming and 

outgoing X-ray intensities are monitored to obtain the information about the momentum transfer during the 

excited state. Thus NRIXS, can help to determine the anisotropies of the local structure. NRIXS is expressed 

mathematically using the Thomson scattering equation. Sahle et. al.191 have described the theoretical and 

experimental procedure for performing, measuring and data analysis using NRIXS. 

In NRIXS, an incoming incident X-ray photon with an energy ω1 and momentum k1 strikes the sample 

resulting in in-elastic scattering with an energy ω2 and momentum k2. The difference between the incoming and 

scattered energy is transferred to the samples as ω, where ω = ω1 – ω2.  This energy loss ω is tuned to the soft X-ray 

absorption edge of the sample (in this case Si LII, III-edge). The difference between the momentum transfer between 

the incoming and scattered X-ray energy is given by q which is described by the double differential scattering cross 

section192. Thus q is one of the important parameters to be investigated while performing the NRIXS. 

In Paper IV, I measured non-functionalized planar and MW p- and n-Si as reference. The photoelectrode 

configurations presented in Paper III is thoroughly studied after the reference measurement. The n-Si MW/Fe2O3, 

n-Si MW/TiO2/Fe2O3, and n-Si MW/ TiO2 photoanodes were first measured in the dark followed by measurements 

under illumination. The light source used to illuminate the sample was an LED light from Thor Labs (neutral 

white- MNWHL4) with a power density of 100 mW/cm2. Similarly, the p-Si MW/TiO2, p-Si MW/TiO2/NiOx, and 

p-Si MW/NiOx photocathode were measured under similar conditions. As the data is not processed for background 

correction, I only present here preliminary analysis on the data for the photoanode configuration. 

The first sample measured using NRIXS was n-Si/Fe2O3. The measurements were first performed in the 

dark and then in illumination. Figure 4.37 shows the NRIXS acquired at the Si LII,III edge. The Fe MI edge can be 

seen at ~ 91.3 eV. The Si LII,III edge appears at  ~100.1 eV. The peak around 110 eV can be assigned to SiO2. The 

intensities in the Fe2O3 peaks appears to decrease slightly while the intensity of SiO2 peaks appears to increase 

slightly compared to the dark spectra. This can be attributed to the fact that, upon illumination, the excitons from 

Si and Fe2O3 that do not recombine goes to the continuum leaving the Si in the oxidized state. The exact change 

n the intensity can be verified once the data is treated for background subtraction. The exact change in the intensity 

can be verified once the data is treated with background subtraction.  
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Figure 4.37: Experimental NRIXS Si L II, III edge data acquired for the n-Si/Fe2O3 photoanode in 

dark and under illumination. The spectra are not treated with background correction.  

 

Similarly, second sample measured using NRIXS was n-Si/TiO2/Fe2O3. Figure 4.38 shows the dark and 

illuminated NRIXS for the n-Si/TiO2/Fe2O3. A small shoulder at lower energy for the Fe2O3 is observed. The similar 

effect on the SiO2 intensity (around 110 eV) was observed, however in presence of TiO2 the SiO2 tails shows a 

distinct feature around 106.5 eV. This may be attributed to the exciton transfer from Si to TiO2. Similar effect was 

observed for the third sample n-Si/TiO2. The NRIXS spectra for the third sample is shown in the Figure 4.39. In 

addition to a distinct peak at 106.5 eV under illumination condition an additional peak was observed for the n-

Si/TiO2 around 102 eV. The data needs to be further compared with the computational study to draw further 

conclusion. The preliminary data presented in Paper IV will be analyzed systematically as a part of future project.   
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Figure 4.38: Experimental NRIXS Si L II, III edge data acquired for the n-Si/TiO2/Fe2O3 photoanode 

in dark and under illumination. The spectra are not treated with background correction.  

 



 

100 
 

 

 

Figure 4.39: Experimental NRIXS Si L II, III edge data acquired for the n-Si/TiO2 photoanode in dark 

and under illumination. The spectra are not treated with background correction.  
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Future Work 

The preliminary data presented in Paper IV will be thoroughly analyzed. Recently, an in-situ PEC 

measurement was performed using X-ray spectroscopy. The bias free device presented in Paper III was studied in-

situ. The data collected will be further analyzed to understand the real-time changes taking place at the photoanode 

and photocathode surface. In addition, the PEC performance of the hematite photoanode presented in Paper III 

will be further optimized using different dopants. I have also functionalized Si MWs with various 3d transition 

metal oxide (as co-catalysts) and investigated their PEC and electronic structural changes. The data is presented 

in Figure A1 and A2.  The data analysis of all the functionalized Si photoelectrodes is out of the scope of this thesis 

and will be of prime importance in future.  

One of the crucial information that is still missing for my photoelectrodes is the study of surface reaction 

kinetics. I propose to study their surface reaction kinetics and their overall water splitting reaction mechanism 

using transient absorption spectroscopy (TAS) and surface enhanced scanning electrochemical microscopy 

(SECM). The proposed study will be performed using a pump/probe measurement technique and the SECM 

instruments, respectively.  

The data presented in this thesis suggest that the mesoporous TiO2 (synthesized using solgel) behaves 

exceptionally better than the commercially available one even though it resembles commercial anatase. In future, 

I would like to compare our TiO2 with the TiO2 grown using different techniques. These techniques involve but are 

not limited to atomic layer deposition, electron beam evaporation and electrochemical deposition. The knowledge 

gained will pave a new avenue for the synthesis of efficient interstitial TiO2 layer/s, which eventually increases the 

overall efficiency of a device. The protocol presented in Figure 4.40 will be employed to pursue the proposed future 

studies. Such devices may also prove to be useful for the solar ammonia evolution reactions (AER).  

My ultimate goal would be to fabricate a stand-alone PEC device that can operate in a bias free mode for 

solar water splitting application. Such a PEC device will be operated in a custom-made reactor, such that the 

photogenerated gases will be collected form physically separate compartments.   
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Figure 4.40: Proposed experimental framework for future studies. 
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Conclusions 

My PhD thesis provides a new avenue to explore earth abundant resources for future renewable energy 

technologies. Results presented in Paper I, provide photocathodes made of Si, which were functionalized with base 

metal co-catalysts. These photocathodes were capable of solar water splitting and thus photogenerate hydrogen in 

neutral water when biased against a Pt counter electrode. While a literature survey shows that most of the 

photocathodes are highly efficient in acidic pH only, my photocathode outcompetes some of the photocathodes at 

acidic pH, and most of them at neutral pH. In addition, it performed surprisingly well in artificial seawater and 

thus established a benchmark for solar seawater splitting by Si based photocathodes. However, further significant 

improvements to optimize the presented photo-electrodes are needed before practical applications become 

feasible. To gain deeper understanding into the function and synergy between the different components of my 

photoanodes, they were studied thoroughly using X-ray spectroscopic techniques. This provided new insight into 

the importance of interstitial TiO2 layer for the efficient and enhanced charge transfer between the Si MW substrate 

and the co-catalysts, pointing towards new ways for photoelectrode manufacturing.  

The p-Si/TiO2/NiOx photocathode was then coupled with the highly studied FTO/α-Fe2O3 photoanode to 

replicate the Z-scheme as observed in natural photosynthesis and a systematic study was presented in Paper II. 

The photocathode and photoanode were simultaneously illuminated and were presented as a proof of concept 

design for parallel illumination water splitting application. This has led to a novel method of enhancing a space 

charge layer of the photoanode. Findings obtained in Paper II also suggest that the right combination of 

photoanode, photocathode and electrolyte can improve the photoelectrochemical performance of the 

photoelectrochemical devices to a degree that such electrodes have the potential to outcompete expensive Pt as 

counter electrode. The data in Paper II is supported by electrochemical impedance spectroscopy measurements, 

which further substantiate that the enhanced surface charge layer can effectively improve the surface kinetics at 

the photoanode surface.  

The proof of concept design presented in the Paper II, was further optimized in Paper III. The FTO 

substrate used in paper II to grow hematite photoanode was replaced by earth abundant n-Si. A record 

photocurrent density of 5.6 mA/cm2 at 1.23 VRHE was achieved for this pristine hematite photoanode when coupled 

with the p-Si/TiO2/NiOx photocathode in parallel illumination mode. The interstitial TiO2 layer was a crucial 

component for enhancement of the PEC performance, which was systematically and comprehensively analyzed 

using valence-to-core-RIXS. It also provided anchoring points for α-Fe2O3 nanorods growth. The novel application 

of this advanced spectroscopic technique opens up a new avenue for the characterization of photoelectrodes. 

In Paper IV, I studied Si MW substrate using NRIXS. The photoelectrodes presented through Paper I to 

III were tested in dark and under illumination condition. The data was gathered recently and needs further 

analysis. However, preliminary data analysis shows significant changes in Si electronic structures when coated 

with a stabilizing TiO2 layer and/or by further decoration with co-catalysts. Similarly light-induced changes were 

observed. 

In conclusion, humankind are still far away to replace the fossil fuels with a commercially viable 

photoelectrochemical device as an alternative renewable energy technology. For the photoelectrochemical device 

to be commercially viable, it must be cost effective, robust, free of toxicity and highly efficient. Solar water splitting 

using earth abundant materials is one of the most lucrative approaches to find an alternative for fossil fuels; my 

thesis thus provides a device that is fabricated from earth abundant resources using solution-based methods. The 

stability of photoelectrodes was thoroughly studied in the thesis, which shows high promises for further 

investigation. In the thesis, I found a combination of a photocathode, photoanode and an electrolyte to 

demonstrate efficient parallel illumination devices. Similar systems can be further explored for the numerous 

photoanodes, photocathodes and a favorable electrolyte. In addition, the photoelectrodes presented in the thesis 

are investigated at the atomic level using high-energy X-ray spectroscopy. A deep insight on the photoelectrodes 

using the X-ray spectroscopic techniques will prove extremely useful to design efficient devices. If we do not step 
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up now, it will be too late to preserve Earth from severe global warming.  To do so, we have to work towards the 

exploration of a clean source of energy like hydrogen.  
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Appendix 

 

Figure A1: Photoelectrochemical performance of Si MW/TiO2 functionalized with different co-

catalysts under 1 sun illumination condition and in 1M NaCl (pH 7.00). The LSVs shows that MnOx 

functionalized p-Si MWs/TiO2 shows Jph of 35 mA/cm2 at 0.9 VRHE. The data is yet to be published. 
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Figure A2: HERFD-XANES acquired at Ti Kα- edge for Si MW/TiO2 functionalized with different 

co-catalysts. The data is yet to be published. 

 

 

 

 

 

 

 

 

 

 

 


