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"In the beginning, God created the heavens and the Earth. And the Earth was without form and 

void, and darkness was upon the face of the deep: and the Spirit of God moved upon the face of 

the waters. And God said, let there be light: and there was light. And God saw the light, that it 

was good: and God divided the light from the darkness." 

The First Book of Moses, 'Genesis' 

 

 

"Science without religion is lame; religion without science is blind." 

Albert Einstein 

 

 

"It is not the possession of truth, but the success which attends the seeking after it, that enriches 

the seeker and brings happiness to him." 

Max Planck, Where is Science Going? 
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Abstract 
 

Understanding the electronic structure and the chemical composition of a catalyst is of interest, not 
only for scientific reasons but also for the technological development of catalysts for the (photo) 
electrochemical production of hydrogen from water, in order to solve the world's steadily growing 
problems, such as the global warming through CO2 accumulation in the atmosphere, the increasing 
energy demand of mankind and environmental pollution. Manganese oxide (MnOx) catalysts are 
promising candidates taking advantage of being abundant, non-toxic, and inexpensive for an 
economically competitive future technology. This thesis reports two aspects of MnOx: One is to use 
it as an electrocatalyst, and the other as a cocatalyst, deposited on a semiconducting photoanode. 

The first topic of the thesis addresses studies of the electronic structure of MnOx as an electrocatalyst 
for water oxidation reaction using absorption spectroscopy and resonant inelastic scattering of soft 
X-rays at the manganese L2,3-edge and the oxygen-K-edge. Two main questions in the first topic 
were addressed: First, what is the origin of catalytic activity changes in MnOx films prepared under 
different pH conditions? The answer is found in the X-ray absorption spectra of seven samples, 
prepared from highly acidic to (near-)neutral to highly basic electrolytes. The spectra showed a 
remarkable change in the electronic structure of the pH-dependent MnOx catalysts. All investigated 
catalysts include mixtures of Mn2O3, Mn3O4, and birnessite in different proportions. The highest 
catalytic active catalyst, prepared under neutral conditions, is composed of birnessite and Mn2O3. In 
contrast, other films are composed predominantly of only one of these phases with a low content of 
Mn3O4. It reveals that the interplay of MnIII and MnIV species can drastically enhance the catalytic 
activity, but not a single contribution of any of them alone. This study led to the second significant 
question of what are the electronic states of MnOx catalysts during the water oxidation reaction and 
whether a charge transfer occurs between Mn-metal and O-ligand? Are the Mn valence states 
increase continuously with increasing the oxidizing potential? The answer has been found after 
conducting an in situ XAS/ RIXS spectroscopic study tracking the electronic state changes happening 
in the electrodeposited MnOx catalyst under real reaction conditions (0.75-2.25 VRHE). The in situ 
XAS reveals a full transformation of the MnOx film into a birnessite state at ca. 1.45 VRHE (just before 
the water oxidation). However, the in situ RIXS analysis showed continuous changes in the electronic 
state of MnOx up to a potential of ca. 1.75 VRHE. More precisely, the Mn 3d - O 2p hybridization 
degree increases by applying a more positive potential to the MnOx films up to 1.75 VRHE. 
Furthermore, the water oxidation catalysis by MnOx is facilitated by an O-to-Mn charge transfer, 
achieved at ca 1.75 VRHE, which is believed to be of crucial importance for efficient electrocatalytic 
water oxidation.  

The second topic of the thesis discusses how the MnOx can enhance the water-oxidation activity of 
a tantalum-oxynitride (TaON) photoanode when it is coupled as an overlaying co-catalyst to the 
photoanode. The chemical composition and electronic structure changes at the MnOx/TaON interface 
as a function of the thickness of the MnO overlayer (2, 5, 7, and 26 nm) were addressed and studied 
with hard X-rays photoemission spectroscopy. By depositing ultrathin MnO layers on the TaON 
photoabsorber, the photocurrent enhances ca. 5 times, whereas the amount of Ta2O5 at the 
MnOx/TaON interface was reduced with increasing MnO overlayer thickness. It implies that the 
MnOx co-catalyst reduces the unfavorable Ta2O5 at the MnOx/TaON interface, which in turn 
facilitates the hole transfer from photoanode to MnOx surface for water oxidation reaction to occur. 
Simultaneously, MnO at the interface is oxidized to Mn2O3 and birnessite. Our interpretation 
suggests that MnIIO at the interface consumes oxygen from Ta2O5, leading to a reduction of this oxide 
and oxidation of MnII to MnIII and MnIV. A quantitative analysis using SESSA simulations supports 
the experimental results. In the present dissertation, manganese oxide characteristics as a (co)catalyst 
for oxygen evolution from water are highlighted. The results are of interest for artificial 
photosynthesis devices and elucidate some of the missing pieces of the puzzle of the challenging 
water oxidation reaction. 
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Kurzfassung 
 

Das Verständnis der elektronischen Struktur und der chemischen Zusammensetzung eines Katalysators ist 
nicht nur aus wissenschaftlichen Gründen von Interesse, sondern auch für die technologische Entwicklung 
von Katalysatoren für die (photo)elektrochemische Wasserstoffgewinnung aus Wasser, um die ständig 
wachsenden Probleme der Welt, wie die globale Erwärmung durch CO2 Anreicherung in der Atmosphäre, 
den steigenden Energiebedarf der Menschheit und die Umweltverschmutzung einzudämmen. Manganoxid 
(MnOx)-Katalysatoren haben den Vorteil, dass sie reichlich vorhanden, ungiftig sowie kostengünstig sind und 
werden dadurch zu vielversprechende Kandidaten für eine wirtschaftlich wettbewerbsfähige 
Zukunftstechnologie. Diese Arbeit befasst sich mit zwei Aspekten von Manganoxiden: zum einen mit der 
Anwendung als Elektrokatalysatoren, zum anderen mit der Nutzung als Kokatalysator, abgeschieden auf einer 
halbleitenden Photoanode.  

Das erste Thema der Arbeit befasst sich mit Untersuchungen der elektronischen Struktur von MnOx als 
Elektrokatalysator für die Wasseroxidationsreaktion mittels Absorptionsspektroskopie und resonanter 
inelastischer Streuung weicher Röntgenstrahlung an der Mangan-L2,3-Kanten und der Sauerstoff-K-Kante. 
Dabei werden zwei wesentliche Fragen behandelt: Erstens, was ist der Ursprung der katalytischen 
Aktivitätsänderungen in MnOx-Filmen, die unter verschiedenen pH-Bedingungen abgeschieden wurden. Die 
Antwort findet sich in den Röntgen Absorptionsspektren von sieben Proben, die aus stark sauren über (fast) 
neutralen bis hin zu hochbasischen Elektrolyten hergestellt wurden. Die Spektren zeigten eine 
bemerkenswerte Veränderung der elektronischen Struktur der pH-abhängig abgeschiedenen MnOx-
Katalysatoren. Alle untersuchten Katalysatoren bestehen aus Mischungen von Mn2O3, Mn3O4 und Birnessit 
in unterschiedlichen Anteilen. Der Katalysator mit der höchsten Aktivität wurde unter neutralen Bedingungen 
hergestellt und besteht aus den Phasen Birnessit und Mn2O3. Im Gegensatz dazu bestehen andere Filme 
überwiegend aus nur einem dieser beiden Phasen mit einem geringen Anteil an Mn3O4. Es zeigt sich, dass das 
Zusammenspiel von MnIII- und MnIV- haltigen Spezies die katalytische Aktivität drastisch erhöhen kann, aber 
nicht die reine Phase einer dieser Spezies. Dies führt zu der zweiten wichtigen Frage, welche aktiven 
Oxidationszustände von Mangan im MnOx-Katalysator während der Wasseroxidationsreaktion vorliegen und 
ob ein Ladungstransfer zwischen Mn-Metall und O-Ligand des Katalysators stattfindet? Steigen die Mn-
Valenzzustände mit zunehmendem Oxidationspotential kontinuierlich an? Die Antwort konnte mittels in situ 
XAS und RIXS-spektroskopie gefunden werden, in der die Transformationen im elektrolytisch 
abgeschiedenen MnOx-Katalysator unter realen Reaktionsbedingungen (0,75 bis 2,25 VRHE) beobachtet 
wurden. Das in situ-XAS zeigt eine vollständige Umwandlung des MnOx-Films in einen Birnessit Zustand 
bei einem Potential von ca. 1,45 VRHE (kurz vor der Wasseroxidation). Die in situ-RIXS-Analyse zeigte jedoch 
kontinuierliche Änderungen des elektronischen Zustands von MnOx bis zu einem Potential von ca. 1,75 VRHE, 
genauer gesagt, erhöht sich der Hybridisierungsgrad von Mn 3d - O 2p durch Anlegen eines positiveren 
Potentials. Darüber hinaus wird die Wasseroxidationskatalyse durch MnOx durch einen O-zu-Mn-
Ladungstransfer erleichtert, der bei ca. 1,75 VRHE erreicht wird, was vermutlich von entscheidender 
Bedeutung für eine effiziente elektrokatalytische Wasseroxidation ist.  

Das zweite Thema der Arbeit wird diskutiert, wie MnOx die Wasseroxidationsaktivität einer Tantaloxynitrid 
(TaON)-Fotoanode steigern kann, wenn es als Deckschicht-Kokatalysator auf die Fotoanode aufgebracht 
wird. Die Änderungen der chemischen Zusammensetzung und der elektronischen Struktur an der 
MnOx/TaON-Grenzfläche in Abhängigkeit der Dicke der MnO-Deckschicht (2, 5, 7 und 26 nm) wurden mit 
Photoemissionsspektroskopie mit harter Röntgenstrahlung untersucht. Durch die Abscheidung von 
ultradünnen MnO-Schichten auf dem TaON-Fotoabsorber erhöht sich der Fotostrom auf ca. das 5-fache, 
wobei sich die Menge an gebildetem Ta2O5 an der Grenzfläche MnOx/TaON mit zunehmender MnO-
Deckschichtdicke verringert. Dies legt nahe, dass der MnOx-Kokatalysator das ungünstige Ta2O5 an der 
MnOx/TaON-Grenzfläche reduziert, wodurch der Lochtransfer von der Photoanode zur MnOx-Oberfläche zur 
Wasseroxidationsreaktion verbessert wird. Gleichzeitig oxidiert MnO an der Grenzfläche zu Mn2O3 und  
Birnessit. Unsere Interpretation geht davon aus , dass MnIIO an der Grenzfläche Sauerstoff aus Ta2O5 entzieht, 
was zu Reduktion dieses Tantaloxids und einer Oxidation von MnII zu MnIII bzw. MnIV führt. Eine quantitative 
Analyse durch SESSA-Simulationen stützt die experimentellen Ergebnisse. In der vorliegenden Dissertation 
wird die Eignung von Manganoxiden als (Ko-) Katalysator für die Sauerstoffevolutionsreaktion beleuchtet. 
Die Ergebnisse sind für künstliche Photosynthese von Interesse und liefern einige der fehlenden Puzzleteile 
zur Aufklärung der herausfordernden Wasseroxidationsreaktion. 
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Introduction and Motivation 
 

 

 Global Energy Demand and Environmental Pollution 

Nowadays, the world is facing three main and harsh problems: energy demand, global warming, 

and environmental pollution.[1] These problems are interdependent and consequential to each 

other. The increasing global energy demand is expected and in-line with increasing populations, 

global economic growth, and the industrial revolution. The world population scored 7.8 billion 

as of July 2020 and is predicted to reach 9.7 billion by year 2050, according to the estimates of 

the United Nations.[2] In parallel, the world energy council reported that the global energy 

consumption by the world population in 2020 is 642 EJ (Exajoules = 1018  J), which is anticipated 

to increase to 879 EJ by 2050[3], i.e., the increase of the consumed energy (26%) is even higher 

than the population increase in the same period. Conventional non-renewable resources like 

fossil fuels, viz. natural gas, coal, and oil, are used to satisfy about 80 % of the global energy 

demand.[4] Meanwhile, the total world reserves of fossil fuels at present are 1,139 billion tons of 

coal, and 1,707 billion barrels of Crude oil, 187 trillion cubic meters of Natural gas.[5] While 

these values seem huge at the current extraction/production rate, it is estimated that we will run 

out of coal by year 2169, Crude oil in 2066, and Natural gas by year 2068.[5] So, at some point, 

fossil fuel supplies will not be able to keep up with the steadily growing energy demand by 

humankind. Therefore, the global community should seriously start producing energy from 

alternative resources, preferably renewable ones before our fossil fuel supplies run out. 

Apart from the inevitable dwindling of fossil fuel reserves in the next centuries, fossil fuels emit 

about 98% of the carbon dioxide upon fuel combustion.[6] CO2 is one of the most long-lived 

greenhouse gases, severely affecting the environment as pollutants, climate change agents, and 

global warming leading cause.[7] The amount of CO2 is increasing dramatically in the 

atmosphere, especially over the last century: In the 19th century, measurements showed that the 

average growth rate of CO2 in the atmosphere is 0.13 ppm/year (parts per million/year), which 

increased to 1.83 ppm/year by the end of year 2000.[8] In the past decade (2010-2019), an 

increase of 2.4 ppm/year is reported, further-reaching 2.64 ppm over the period from July 2019 

to July 2020[9, 10] and is still anticipated to climb further. The steadily increase of CO2 can have 

further enormous consequences on the globe, like drought and rising sea level. 
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For that, many researchers across the scientific community have been tackling the issue to find 

potential effective solutions to these energy demands and their consequent environmental 

problems, dedicating their research to developing novel materials and fabricating a new fuel 

powered by renewable sources. On the one side, taking the advantages of being sustainable 

energy resources, which is essential to meet the future energy demand, and on the other side, a 

clean source that can reduce the evolution of global warming or at least keep it at a more 

manageable level. 

 

 Renewable Energy Resources: A step toward 

sustainability 

Sunlight is a promising candidate to satisfy an enormous part of the growing energy demand. 

One would, at a glance, recognize the vast capabilities of the sunlight when knowing that the 

energy-driven by the sun in “one hour” is adequate to support the world’s energy consumption 

of “one year.” [11, 12] Thus, the exploitation of solar energy to meet our future demand for clean 

and sustainable energy is an attractive solution without possessing any negative impacts on the 

environment. 

The key challenge is, however, not the conversion into other energy forms but the storage of 

solar energy. Solar energy is converted into electricity via photovoltaic cells and solar cells.  

Effective strategies have been developed for storing solar energy into chemical bonds via 

hydrogen fuel production devices based on the water-splitting process, i.e., electrolysis.[13] The 

latter is particularly promising technology due to several advantages of hydrogen use as a fossil-

fuel alternative: First, H2 has a high gravimetric energy density of 143 MJ/kg at 1 bar [14]; second, 

it is clean energy as it has zero emission (when it burns with oxygen, it releases only water)[15]; 

third, its source is water which is a sustainable source; and lastly, water-splitting process results 

also in the by-product of O2 which is an environment-friendly gas, which can be used in 

industrial processes.[14-18] Therefore, the approach to artificial photosynthesis via water splitting 

by sunlight to synthesize hydrogen fuel is considered a significant step toward satisfying a 

growing global energy demand. 

 

 Artificial Photosynthesis (Water splitting) 

Artificial photosynthesis replicates natural photosynthesis, as illustrated in Figure 1.1, 
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mimicking the energy conversion mechanisms in plants to delineate synthetic systems for 

harvesting solar energy into chemical bonds.[19-21] In natural photosynthesis, the plants absorb 

solar energy, convert CO2 and H2O into carbohydrates, and the beneficial by-product of O2.[21] 

Thus, to mimic the natural process, synthetic systems in the form of (photo)electrochemical cells 

were developed, which can similarly split H2O, producing adequately sufficient electrons and 

protons needed to synthesize fuel. 

 
 

Figure 1.1. “Natural” photosynthesis by plants vs. “Artificial” Photosynthesis through  

“water-splitting”. Reproduced from [21] with permission from the Royal Society of Chemistry. 

  

 

The water-splitting process comprises two half-cell reactions, at which 2 water molecules are 

oxidized into oxygen, 4 electrons, and 4 protons, which then reduced to molecular hydrogen, as 

follows:  

 

OER:     2H2O(l) → O2(g)
 + 4e- + 4H+                                   +1.23 V vs. NHE (1.1) 

HER:     2H+ + 2e- → H2(g)                                          0 V vs. NHE (1.2) 

Overall water-splitting:      2H2O(l) → O2(g) + 2H2(g)                     ∆𝐸𝐸𝑜𝑜 =1.23 V (1.3) 

 

According to the Nernst equation, the water-splitting reaction in equ. (1.3) is thermodynamically 

uphill (Gibbs free energy ∆Go=237 kJ/mol), at which a minimum potential of 1.23 V vs. Normal 

Hydrogen Electrode (NHE) at pH 0 is required to split water. The water oxidation reaction in 

(1.1) is sluggish in terms of kinetics due to four-electron transfer, and various high-energy 

intermediates are needed for O–O bond formation and O2 liberation[22, 23], making it challenging 
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to drive the chemical reaction efficiently without a catalyst. Therefore, significant efforts have 

been made over the last years to understand this mechanistically complex reaction and improve 

the catalytic activity of the employed catalyst.[24-27] Thereby, in this thesis, I devote my efforts 

to better understand and enhance  “water oxidation” catalysis for use in energy production. 

When aiming at using catalysts for water splitting reaction, two main promising approaches are 

employed: Electrochemical cell [27, 28] and Photoelectrochemical cell [29-36] as schematized in 

Figure 1.2(a,b). Both cells host a working electrode acting as an anode, and a counter electrode 

as a cathode, both immersed in an electrolyte. In the electrochemical cell, the catalyst for oxygen 

evolution reaction (OER) is loaded onto the anode surface biased by potential from a 

potentiostat. The catalyst, in this case, is commonly known as an “electrocatalyst.” [27, 28] While 

the catalyst in a photoelectrochemical cell is attached to a light-harvesting electrode 

(semiconducting photoanode), photogenerated electrons and holes will be produced upon solar 

irradiation. The catalyst, in this case, is known as “photocatalyst.”[14] Practically, due to the 

sluggish multielectron water oxidation reaction, a potential higher than 1.23 V on the 

photocatalyst is still required to run the water-splitting reaction efficiently. 

 

 
Figure 1.2. Schematic diagram of a) Electrochemical cell and b) Photoelectrochemical cell  

used for the splitting of water at which the oxidation reaction (H2O/O2) occurs at the anode (working 

electrode) and the reduction reaction (h+/H2) at the cathode (counter electrode).  

 

The (photo)electrochemical conversion occurs when the holes and electrons take part in the 

catalytic reactions at the surface of the anode and cathode, respectively. The holes at the anode 

oxidize water into O2, what is known as ‘Oxygen Evolution reaction’ (OER) (see equation 1.1), 

while the electrons arriving at the cathode side undergo a ‘Hydrogen Evolution reaction’ (HER) 
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(see equation 1.2), reducing protons into H2.[37, 38]  

Since the last few decades, various researchers have been addressing the (photo)electrochemical 

water-splitting systems based on different catalysts, prepared by different methods, which lead 

to various characteristics and structures.[21, 39-47] However, an efficient and economical catalyst 

is still not found.[27] When selecting a catalyst (working electrode) in a (photo)electrochemical 

cell, some factors should be considered for an efficient water oxidation reaction to occur. An 

active catalyst should be of a novel material in terms of functionality that improves the charge 

transfer efficiency, has a high concentration of active sites, increases the kinetics of OER 

reaction.[13, 29-31, 37] Studies showed that the precious-metal-based oxides, such as RuO2 and IrO2, 

are best-known as the ‘state-of-the-art’ catalysts for the oxygen evolution reaction, exhibiting 

high catalytic activity and relatively high chemical stability over a wide range of pH 

conditions.[48-51] Despite the high performance of these precious-metal-based oxides, they are 

expensive and suffer much scarcity.[52] Thus, the earth-abundant, non-precious transition metal 

(TM) oxides-based catalysts are then the best suitable candidate to be hired for oxidizing water 

efficiently. 

Within the context of these requirements and among the TM oxides, manganese oxides (MnOx) 

were chosen to be the specified material studied in this thesis and of significant interest due to 

the following advantageous properties:  

1. Mn is non-toxic, innocuous, earth-abundant as well as it mimics the natural Mn-based 

catalyst within photosystem II (PS-II). 

2. MnOx can exist in various oxidation states, 2+, 3+, 4+, 5+, 6+, and 7+, which offers a large 

degree of flexibility to undergo a range of redox reactions.[27, 53]  

3. Mn oxide phases give rise to a wide range of Mn–O moieties that exist in more than 30 

crystal structure forms, including polymorphs of the same chemical formula.[54, 55] The 

concentration of the active sites is affected by the oxide structure (vide infra); thus, it is 

possible to enhance the catalytic activities toward the water oxidation reaction by 

modulating the structure.[56] 

 

 Manganese Oxide in Nature 

Manganese (Mn) element is the third most abundant TM widely spread in see water in the 2+ 

state (MnII) at high concentrations.[27] Interestingly, nature has chosen Mn, among other 

elements, to be the redox-active element for water oxidation in biological PS-II.[27] In the PS-II 

system, the protein complex located in the thylakoid membranes of biological systems like 
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plants, algae, and cyanobacteria, is irradiated by sunlight reducing atmospheric CO2 using 

electrons extracted from water (i.e., during water splitting) to form energy-rich organic 

compounds.[57, 58] The active site which is responsible for water oxidation in PS-II is the 

manganese-calcium-oxo cluster (Mn4CaO5) complex stabilized by amino acid residues housed 

in the membrane protein, as shown in Figure 1.3(a).[58] This Mn complex is known as the “water-

oxidizing complex (WOC),” or “oxygen-evolving complex (OEC).” 

The Mn4CaO5 cluster exhibits a very high catalytic activity towards the water oxidation reaction. 

For example, in terms of turnover number (TON), it generates 180,000 molecules of O2 per site, 

with turnover frequencies (TOF) of 100-400 s-1, which is much higher than any artificial 

catalyst.[59, 60] The unique structure of the Mn4CaO5 complex is the reason for its high catalytic 

activity, as confirmed by Umena et. al.[58] The high-resolution structure of the Mn4CaO5 

complex in Figure 1.3(b) reveals the existence of a highly distorted Mn3Ca Cuban-type cluster 

connected to a dangling Mn (identified as Mn4 in Figure 1.3) via two oxo-bridges (O4 and O5). 

This highly distorted structure may provide the essential arrangement flexibility of the Cuban, 

enabling the state change from MnIII to MnIV, catalyzing the water oxidation reaction.[27] 

 

 
Figure 1.3. The biological Mn4CaO5 catalyst within photosystem II. (a) Crystal structure of the  

Mn4CaO5 is surrounded by amino acid residues, (b) a high-resolution structure showing the differences 

in the bond lengths between metal atoms, water molecules, and oxygen atoms. Reproduced with 

permission from [58], Copyright 2011 Nature Publishing Group. 

 

In an effort toward understanding the WOC mechanisms within the PS-II, Kok et al.[61] in 1970, 

succeeded in proposing the basic principles of water oxidation by the so-called “Kok cycle.” 

The Kok cycle shown in Figure 1.4 reveals the five intermediate states (𝑆𝑆𝑖𝑖) of the WOC. The 

subscript 𝑖𝑖 (𝑖𝑖 =04) represents the oxidation state of the tetranuclear manganese (Mn4CaO5) 

cluster relative to the 𝑆𝑆0 state. [61, 62] 
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In the Kok cycle, the metal ion in the cluster releases electrons upon absorbing light, which 

results in the oxidation of MnIII to MnIV, simultaneous to deprotonation of water.[27, 63] In the 

𝑆𝑆3 − 𝑆𝑆4 step, the O−O bond is formed. While in the last reaction step, 𝑆𝑆4, the oxygen is released 

under no absorption of light, and the WOC resets again to the lowest state 𝑆𝑆0. While Kok cycle 

succeeded in explaining the basic principle of the WOC in PS-II, great efforts have been made 

and still ongoing to complete the puzzle and elucidate all aspects behind the water oxidation 

mechanism, especially in the last step (S4 − S0) after the O−O bond formation. Dau et al. [59, 64, 

65] devoted much effort in studying the structural and oxidation state changes of the Mn4Ca 

complex in the water oxidation cycle revealed by X-ray absorption spectroscopy. Glatzel et al.[66, 

67] has employed resonant inelastic X-ray scattering spectroscopy (RIXS) in studying the 

electronic structure of molecular Mn complexes where they concluded that the electron in the 

S1 to S2 transition is removed from delocalized orbitals in the Mn4CaO5 cluster, with ligand 

taking part in the redox reaction besides the Mn ion.  

 
Figure 1.4. The Kok cycle explaining the water oxidation mechanisms in five intermediates  

oxidizing equivalents. Four light absorption events feed the cycle, by which electrons are extracted from 

the metal ions. Reproduced from [62]. Copyright 2019 licensed under a Creative Commons Attribution 

4.0 International Licence 

  

The inspiration to mimic the optimized natural CaMn4O5 catalyst within PS-II sparked 

considerable interest in developing the MnOx catalyst, of near-optimal performance, for water 

oxidation through artificial photosynthesis.[39, 68-71] However, the search for an optimum MnOx 

composition, structure, and morphology is still ongoing.[72, 73] Thus, it is essential to point out 

the crucial aspects of water oxidation catalysis that are to be considered, in this study, based on 

previous scientific studies conducted on Mn-based systems. 



8 Chapter 1  
 
 

 

 Crucial Aspects of Water Oxidation Catalysis 

The performance of the OER catalysts is largely dependent on significant parameters like 

morphology, chemical composition, and electronic structure.[28] These parameters are strongly 

influenced by factors like particle size, temperature, pH, and potential; thereby, affect the 

catalytic activity toward the water oxidation reaction.[74, 75] In this section, I will focus on some 

characteristics of the catalyst related to the main study of this thesis. Indeed I do not exclude 

other characteristics like the type of supporting electrode, the precursor, and the synthesis 

method to affect the catalyst performance. 

 

 

In recent decades, nanotechnology has been developed and succeeded in manufacturing 

nanostructured catalysts characterized by a large surface area-to-volume ratio, which provides a 

larger interface between the electrolyte and the catalyst, promoting the catalytic performance.[76, 

77] The nanostructured catalysts include most of the active sites at its surface and are more 

efficient than the microparticles.[78] Consequently, various MnOx catalysts have also been 

developed and synthesized from micro-powders to well-defined nanoparticles and more 

controlled ultra-thin films, even on the atomic scale, like those prepared by atomic layer 

deposition.[27, 77, 79-83] Since the OER performance is largely dependent on the surface area of the 

catalysts and the morphology, effective synthesis strategies are developed for preparing catalysts 

of preferably large surface-to-volume ratio in comparison to bulk, with morphology like 

nanoflakes, nanosheets, and nanorods.[84-86]  

The Spiccia group showed that manganese precursor complexes of varying nuclearity and metal 

oxidation state form different MnOx nanoparticles sizes when doped in a Nafion matrix, thereby 

affecting their catalytic activity.[46] Nanostructures with a degree of defects exhibited high 

electrical conductivity and enhancement toward OER performance, as reported by Zheng et 

al.[87] Gorlin and Jaramillo succeeded in preparing MnOx thin films with a highly nanostructured 

surface that could exhibit high catalytic activity in alkaline media towards OER, with similar 

overall oxygen electrode activity to that obtained for precious metal (Pt, Ru, and Ir) 

nanoparticles.[88] It is concluded that reducing the particle size modifies the surface properties, 

most probably due to surface distortion.[27, 89] Other studies assigned the high catalytic activity 

to the MnIII species located at the MnOx nanoparticle surface.[27, 89, 90] Jin et al. reported that post-

surface treatment of MnO nanocrystals leads to forming a mixed MnII/III valency on the MnO 

surface, which results in a considerable enhancement in the catalytic activity toward OER. [89] 
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Manganese oxides have shown to be promising catalysts toward OER. However, the applied 

potential and the pH of the electrolyte can influence the MnOx structure and composition and 

thereby affect the catalytic activity toward the water oxidation reaction.[72, 75] A typical Pourbaix 

diagram can provide a guide to the thermodynamically stable regions of several MnOx phases 

under anodic potential and over a wide range of pH, as described in Figure 1.5.[91] 

 

 
Figure 1.5. Pourbaix diagram of Mn–O–H phases, showing the stability regions  

as a function of potential-pH. The red dashed line indicates the redox stability window of water. 

Reprinted with permission from [91]. Copyright 2019 Nature Publishing Group. 

 

Mn-based complexes as an artificial model for WOC were used to show high catalytic activity 

in alkaline electrolytes and relatively low activity under near-neutral and acidic conditions.[44, 88, 

92] However, the natural water oxidation reaction in PS II is performed under near-neutral 

conditions (at pH 5-6.5).[93-95] Morita and Tamura studied the water oxidation activity of a 

mixture of Mn2O3 and 𝛽𝛽-MnO2, deposited by thermal decomposition of manganese nitrate, in 

acidic and basic mediums.[96] The phase mixture could efficiently oxidize water in both acidic 

and basic electrolytes. They showed that the MnOx electrode in the basic electrolyte (1 M KOH) 

could oxidize water for a longer time (~20 h) without any further increase in the overpotential. 

In contrast, the MnOx electrode in acidic electrolytes required an increase in the overpotential 

by 150 mV over the same period due to an increase in the oxygen content in the film.[96] Then 

Nakamura’s group reported that the MnIII species, which serve as precursors of active sites of 

MnOx and play a key role in the water oxidation reaction, is unstable in the neutral and acidic 

pH electrolytes as it undergoes disproportionation to form MnII and MnIV, which deteriorates the 
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catalytic activity [44, 97] Hence, the following studies worked on stabilizing the MnIII species, 

aiming at enhancing the catalytic activity of MnOx in the (near-)neutral conditions. Ramirez et 

al. showed that the annealing conditions of amorphous MnOx films control the phases in the 

films.[98]  Therein, they showed that by annealing the anodically deposited amorphous MnOx 

films at 773 K in air and 873 K under N2, the films converted to crystalline films with phases of 

α-Mn2O3 and Mn3O4, respectively, resulting in an enhancement in the stabilities and OER 

performances in both ‘neutral’ and ‘basic’ electrolytes. [98] Other studies showed different 

strategies to improve the catalytic activity under neutral conditions.[44, 75] Table 1.1 includes 

literature reports on the catalytic performances of manganese-based OER electrocatalysts in 

different electrolytes and the overpotential applied. The overpotentials arise typically from stray 

resistance of electrodes in the electrochemical cell, cell interconnections, the energy needed to 

sustain high rates of electron-transfer processes at electrode/electrolyte interfaces, and 

electrolyte solution.[99-102] Indeed, the overpotential reduces the energy efficiency; for that, 

enhancing the functionality of the catalysts in the (photo-)electrochemical cell would reduce the 

overpotential. Table 1.1 demonstrates the efforts employed over the last decade to improve the 

catalytic performances of MnOx based OER catalysts under different pH conditions. 

Table 1.1 Electrocatalytic performances of manganese-based OER catalysts reported in the literature 

Catalyst Overpotential  
(mV) 

I  
(mA cm-2) 

Electrolyte 
(pH) 

Substrate Source 

MnCat 590  1 0.1 M KPi (7) ITO Zaharieva, 2012 [43] 
MnOx/Au-Si3N4 550 10 0.1 M KOH Au/Si3N4 Gorlin, 2013 [40] 

Crystalline 𝜶𝜶-Mn2O3 520 10 1 M KPi FTO Ramirez, 2014 [98] 
MnOx/Au-GC 400 0.23 0.1 M KOH Au/GC Gorlin, 2014 [103] 
𝜶𝜶-MnO2 490 10 0.1 M KOH Graphite 

carbon 
Meng, 2014 [104] 

𝜶𝜶-MnO2 450 10 1 M KOH GC Huyuh, 2015 [105] 
Activated MnOx 

(disordered 𝜹𝜹-MnO2) 
470  0.1  0.1 M Pi (2.5) FTO Huyuh, 2015 [81] 

𝜸𝜸-MnOOH 680  10 1 M Pi (7) GC Smith, 2016 [106] 
Mn2O3 387 10 1 M NaOH FTO Smith, 2016 [106] 
𝜶𝜶-Mn2O3 340 10 1 M KOH FTO Kölbach, 2017 [107] 
CaMnxOy 550 1.5 1/15 M Pi (7) FTO Simchi, 2018 [108] 
MnOx-10 393 10 1 M KOH FTO Walter, 2018 [109] 

MnOx 445 1 1M KPi (7) CFP Melder, 2019 [110] 
MnOx 360 1 1M KPi (12) CFP Melder, 2019 [110] 

4 nm Mn3O4 
nanoparticles 

395 10 0.5 M NaPi 
(7) 

Ni foam Cho, 2020 [111] 

Pi=Phosphate, ITO=Indium Tin Oxide, FTO=Fluorine Tin Oxide, GC=Glassy Carbon, CFP=Carbon Fiber 
Paper. 
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Manganese oxides demonstrate a wide range of Mn-O moieties of different crystal structure 

phases.[27] Figure 1.6  shows the crystal structures of the biological Mn4CaO5 in PS-II (at left) 

and the most abundant MnxOy compounds of different stoichiometries. The MnO2 compound 

exhibits diverse crystalline polymorphism at which the MnO6 octahedrons are the building 

blocks of their structures. The structure of each MnO2 polymorph depends on the arrangements 

and interconnections of the MnO6 octahedrons. [27] The MnOx polymorphs can be classified into 

three predominantly configurations: tunnel, 2D-layered, and 3D networks (like Haumannite and 

Bixbyite) structures.[27] The polymorph structure, in general, strongly affects the electrochemical 

properties of the MnOx phases. For example, the α-MnO2 in the tunnel structure promotes the 

intercalation of ions, which enhances the OER kinetics.[28] The 2D-layered sheets of MnO6 

octahedrons, known as birnessite (𝛿𝛿-MnO2) polymorph (shown at the right side of Figure 1.6) is 

widely studied and have been identified as promising catalysts toward water oxidation.[27, 39, 46, 

112-114] The MnIII vacancies within the layered sheets of birnessite structure undergo Jahn Teller 

distortion in MnIIIO6 octahedrons, which leads to the elongation of Mn-O bonds.[78, 112, 114, 115] 

These elongated Mn-O bonds weaken the confinement of MnO6 octahedron, providing structural 

flexibility, to which many studies have related to the high catalytic activity toward water 

oxidation.[27, 68, 112, 115-117] 

 

 
Figure 1.6. Crystal structures of the biological Mn4CaO5 cluster (at left) followed by MnxOy  

compounds of different stoichiometries. MnII ion in purple, MnIII in brown, MnIV in black, O in red, and 

Ca in yellow spheres. Reproduced from [27] with permission from The Royal Society of Chemistry. 

 

Figure 1.6 reveals the close similarity between the Cuban structural motif of biological Mn4CaO5 

cluster and that of MnxOy phases with different Mn-O bond lengths and angles, which promotes 
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MnxOy likelihood to mimic the optimized natural catalyst in PS-II. Park et al.[42] revealed that 

the catalytic activity is enhanced just by tuning the Mn valency with a negligible change in the 

crystal framework. 

Zaharieva et al.[112] synthesized Mn–Ca oxides catalysts where the CaII ion was introduced 

above layer defects in the interlayer space geometry similar to birnessite, resulting in a 

compound that closely resembles the natural Mn4Ca complex structurally and functionally. Zhao 

et al..[117] and Lee et al.[118] have shown in their recent work that introducing metal cations within 

the MnO2 lattice would improve the structural stability and electron transfer, resulting in an 

enhancement in its electrocatalytic activity toward OER.  

Apart from birnessite, other Mn oxide phases are reported to catalyze the OER. Previous studies 

showed that manganese oxide catalysts of a high concentration of the MnIII oxidation state 

exhibit a comparably higher catalytic activity toward water oxidation.[42, 56, 97, 119] Other studies 

reported that the bixbyite exhibit higher catalytic performance than hausmannite and other 

MnIVO2 polymorphs.[106] The series of decreasing the catalytic activity within MnOx film follows 

an order (Mn2
IIIO3, birnessite) > Mn3

II/IIIO4 > MnIIO that mirrors the decrease of the proportion 

of MnIII in these manganese oxides films.[56, 119, 120] As pointed out in the last section, the MnIII 

state is unstable in specific electrolytes, i.e., it disproportionate into MnII and MnIV in the neutral 

electrolytes. Hence a significant increase in catalytic activity can be achieved upon stabilizing 

the MnIII and inhibition of possible disproportionation reaction.[44, 98, 115, 120] Takashima et al.[44] 

revealed that MnIII serves as a vital intermediate state which participates in the water oxidation 

process regardless of the initial MnOx phase. 

The high catalytic activity of MnOx catalysts enriched by the MnIII phase might be strongly 

correlated to the electronic structure of the MnIII ions. The MnIII ion with high spin electronic 

configuration (𝑡𝑡2𝑔𝑔3 𝑒𝑒𝑔𝑔1) is bonded to O2− ions in an octahedral arrangement. This configuration 

undergoes strong Jahn-Teller distortion of the MnO6 octahedra, which results in two longer and 

more flexible Mn−O bonds, which likely enhances the formation of Mn−OH2 species at the 

surface and the cleavage of Mn−O2 bonds, which lead to enhancing the catalytic turnover of the 

water oxidation reaction.[27, 28, 116]  

 

 

When photoelectrodes are immersed in an electrolyte, the water-splitting process occurs at the 

photoelectrode surface in three main steps, as illustrated in Figure 1.7. Upon light illumination, 

(1) charges (electrons and holes) separate, followed by (2) migration of holes to the photoanode 
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surface and the electrons to the photocathode of the PEC device, and (3) water oxidation and 

reduction occur at the photoanode and photocathode, respectively.[14] A suitable photoelectrode 

for water splitting PEC devices should match some characteristics, summarized as following [14, 

29-31, 34, 37]: 

• Sufficient bandgap (Eg ≥ 1.8 eV) to generate photovoltage large enough to split water 

• Good absorber in the visible light range ( 400 nm < λ < 700 nm). 

• High stability in the dark and under light illumination. 

• Band position straddle for OER and HER. This occurs when the valence band (VB) edge 

is more positive than the oxidation potential of (O2/H2O), and the conduction band (CB) 

edge position is more negative than the reduction potential of (H+/H2). 

• Low overpotential for water oxidation/reduction. 

• High charge transfer efficiency. 

• Low cost of production and operation for economically competitive devices. 

 

 

 
Figure 1.7. Schematic diagram for a typical photoelectrochemical water splitting process.  

Upon light illumination (hυ), (1) charges (h+, holes & e-, electrons) separate, then (2) migrate to the 

photoelectrodes surface at which oxygen evolution (O2/H2O) occurs at the Oxygen Evolution Catalyst 

(OEC) surface and hydrogen evolution (H+/H2) reactions at the Hydrogen Evolution Catalyst (HEC). 

VB, Valence Band; CB, Conduction Band. 

 

Various semiconductors, like WO3, [121, 122] Fe2O3, [123] BiVO4,[124, 125] and TaON, [126-133] have 

been developed over the years and utilized as photoanodes for water oxidation. However, they 

still either suffer poor charge separation/transport processes or exhibit low resistance to photo-

corrosion under visible light.[121, 123, 134-136] Poor charge transfer will lead to the hole accumulation 
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at the photoanode surface, which in turn increases the probability of charge recombination.[34]  

Modifying the semiconducting photoanode surface by metal oxide catalysts (also addressed as 

co-catalysts) can have a synergetic effect toward enhancing water-splitting PEC electrodes. The 

co-catalyst overlayer has several advantages: on the one hand, it protects the semiconductor 

from (photo-)corrosion, which leads to an improvement in stability and overall efficiency [34, 130, 

137], and on the other hand, it assists in the kinetics of the interfacial charge transfer, i.e., reduce 

the activation barrier to be required for charge transfer.[14, 34, 138] Furthermore, the co-catalyst can 

modify the photoanode’s surface chemistry via band bending and passivating recombination 

centers, which increase the charge separation efficiency. 

Various MnOx based materials have been studied in the literature for the aforementioned 

advantages as a co-catalyst to several photoanodes. Irani et al. investigated the role of ultra-thin 

MnOx co-catalyst films on the photoelectrochemical performance of BiVO4 photoanodes as a 

function of MnOx thickness. [139] Therein, at up to 4 nm thick MnOx, the photocurrent increased 

due to a band bending at the interface of MnOx/BiVO4 while very thick MnOx (> 4 nm) on 

BiVO4 will lead to charge recombination, deteriorating the photoactivity.[139] Cao et al. 

demonstrated an enhancement in the WO3 photoanode activity after loading MnOx by 

photodeposition.[140] Gujral et al. reported a 7-fold enhancement in the oxidative photocurrent 

densities for MnOx electrodeposited on a TiO2–TaON photoanode in near-neutral solutions (pH 

6).[130] Liu and co-workers reported that Mn3O4+δ co-catalysts coated on α-Fe2O3 photoanode 

enhanced the photoelectrochemical OER performance due to the improved charge separation 

and the enhanced interfacial charge transfer, reporting the most prominent enhancement to be 

attributed to the Mn valency of ~3.4+.[141] 

  Based on these crucial aspects related to MnOx as a catalyst or co-catalyst for OER, the 

various composition and structural characteristics of MnOx-based systems are reported to offer 

a significant degree of freedom to formulate efficient catalysts. However, at the same time, the 

pathways to achieving such a goal are becoming more complicated. Therefore, significant 

development steps are being made to better understand the underlying mechanism of water 

oxidation catalysis by MnOx through three commonly synergistic ways: (i) kinetics studies for 

unraveling the water oxidation reaction mechanism,[142] (ii) Theoretical calculations to 

understand and elucidate feasible reaction mechanisms,[143] and (iii) spectroscopic analysis to 

identify the changes happening to the catalytic materials.[40, 73, 113, 144-148] For the latter, X-ray 

spectroscopic techniques fundamentally characterizing the structural and electronic properties 

of the catalytic materials are primarily adopted for studies reported in this dissertation. The 

theoretical background of the X-ray spectroscopic techniques used in this dissertation is 

highlighted in detail in Chapter 2.  
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Among various X-ray techniques, soft X-ray absorption spectroscopy (XAS) and resonant 

inelastic X-ray scattering (RIXS) measured at the Mn L2,3-edge and O K-edge enable 

mechanistic probe into the electronic structure of the metal-ligand, i.e., (Mn—O) sites. Precisely, 

these techniques provide information on the 3d electronic valence states, which are responsible 

for the redox reaction.[149] Furthermore, RIXS is a technique that probes the valence excitations 

and enables analysis of the d-d excitations and the charge transfer transitions.[150, 151] While 

interpreting the O K-edge XA spectra, two main regions can be found:  The first is the pre-edge 

region with well-defined peaks, which originate from the hybridization of O 2p and Mn 3d states. 

This pre-edge offers information about the Mn oxidation state and Mn-O bonding.[72, 152-154] The 

molecular orbitals are hybridized, and features arise from manganese and oxygen in the ligand 

manifest in the measured spectra. Ex situ and in situ soft XAS and RIXS studies on 

electrodeposited MnOx catalysts are reported in Chapter 4 and Chapter 5.  

While XAS and RIXS probe the unoccupied and occupied valence states, the X-ray 

photoemission spectroscopic (XPS) technique, being based on the ionization of core-electron, is 

thereby probing the core levels, providing information about the chemical and electronic 

properties of the material. Multiplet splitting is a characteristic behavior for some transition 

metals, with manganese included. All Mn oxidation states except MnVII give rise to multiplet 

splitting in Mn 2p XPS spectra with distinguishable peak structures that provide a useful 

quantitative assignment of Mn oxidation states present in the catalyst.[155] This is shown later in 

section 6.3.2.2. In Chapter 6, we used hard XPS or the commonly known “hard X-ray 

photoelectron spectroscopic (HAXPES)” measurement to study the chemical composition and 

electronic structure changes at the interface between MnOx as a co-catalyst and TaON 

photoanode, as a function of MnOx overlayer thickness. 

 

 Scope and Thesis Outline 

This dissertation focuses on elucidating the chemical composition and the electronic structure 

of the manganese oxide system either in the form of a catalyst or as a co-catalyst coupled to 

tantalum oxynitride photoanode, aiming to find an optimal MnOx structure for the 

(photo)electrochemical device. Also, another objective of this thesis is to lay a proof-on-concept 

on the feasibility of in situ investigation at the manganese-electrolyte interface in an 

electrochemical cell under a high vacuum probed by soft X-rays. Working on our project, we 

focused on getting answers to the following scientific questions: 

 What is the origin of catalytic activity changes in MnOx films prepared under different pH 

conditions? How does the Mn oxide oxidation state change as a function of pH? 
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- This question was addressed by conducting a soft X-ray absorption investigation on MnOx 

films electrodeposited from acidic, neutral, and basic electrolytes using the LiXEdrom 

endstation of BESSY II. Measurements were recorded at Mn L2,3-edge and O K-edge. A 

linear fitting algorithm, coupled with the experimental results, was used to identify the 

amount of MnOx phases in each film.  [Details in Chapter 4] 

 Which oxidation state(s) present during the water oxidation reaction, and whether the MnOx 

states increase continuously with increasing potential? Are there any changes in the 

bandgap of the material? Role of charge transfer between metal-ligand during OER? 

- In an effort toward getting concrete answers to those questions, in situ XAS/RIXS 

spectroscopic studies under electrocatalytic conditions were conducted to track the 

transformations and electrochemical analysis happening in the electrodeposited MnOx 

catalyst. Moreover, the active states of the MnOx catalyst were identified before, during, 

and beyond the water oxidation reaction under real working conditions.  [Details in Chapter 

5] 

 How can MnOx be an efficient co-catalyst to the TaON semiconductor? Is the thickness of 

the MnOx as an overlayer will change the chemical composition and structural properties 

at the MnOx/TaON interface? Is there any enhancement in the photoactivity after depositing 

ultra-thin MnOx films (even 0.5 nm) on the TaON photoanode? 

- Hard X-ray photoemission spectroscopy was employed at the HIKE endstation of BESSY 

II to tailor the compositional and structural changes at the MnOx/TaON interface as a 

function of increasing the MnOx thickness. The experimental results were supported further 

with numerical simulation using SESSA software to better understand the HAXPES 

experimental measurements. [Details in Chapter 6] 

 

This dissertation comprises seven chapters with the following outline: 

     Chapter 1, “Introduction,” introduces the current energy problem, including climate 

change and global warming, caused by the dependence on fossil fuels as the primary energy 

source. A solution is to produce clean fuel from renewable and sustainable energy sources based 

on sunlight, precisely, hydrogen formed in artificial photosynthesis by the water-splitting 

reaction. I elaborate on the particular selection of manganese oxide to be the catalyst studied in 

this thesis, as a water oxidation (co)catalyst. This chapter provides comprehensive literature on 

the manganese oxide system, pointing out the crucial aspects that can influence its catalytic 

activity toward OER. 
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 Chapter 2, “X-ray Spectroscopies,” gives an overview of X-ray interaction with 

core/valence levels of the material, resulting in photoemission/absorption excitation processes. 

It covers the theoretical fundamentals of the X-ray spectroscopic techniques employed in this 

thesis, such as “X-ray absorption spectroscopy (XAS),” “resonant inelastic X-ray scattering 

(RIXS),” “X-ray photoelectron spectroscopy (XPS),” and “hard X-ray photoemission 

spectroscopy (HAXPES).” Besides, an understanding of the principle concepts behind the 

measurements and the information we can gain. 

 Chapter 3, “Experimental Methods and Setups,” provides an overview of the 

experimental methods and setups used. It covers the technical descriptions of the experimental 

endstations and beamlines used for data acquisition. I start by describing the experimental 

endstations and the electrochemical flow cell in which the samples were hosted and measured 

in (ultra-)high vacuum. Then I described the synchrotron facility of BESSY II, highlighting the 

technical parameters of the beamlines. A brief overview of sample preparation methods is 

presented, followed by ways of XAS/RIXS data correction.  

The main Ph.D. study on manganese oxides is reported in Chapter 4, Chapter 5, and Chapter 6, 

where each chapter includes parts from articles either published or under preparation. 

 Chapter 4, “Electronic structural Insight into Formation of MnOx Phases in 

Electrodeposited Catalytic Films of different pH,” starts with an introduction about MnOx as a 

promising catalyst for water oxidation reaction, with the motivation of studying the electronic 

structure for MnOx catalysts of different pH. Conventional electrodeposition was used to deposit 

the MnOx films from ionic liquids under different pH conditions. Soft XAS was employed in 

this study to understand the electronic structures for each catalyst and relate it to their catalytic 

activity. In the Experimental section, a description of the sample preparation and the 

experimental parameters used to collect the XAS spectra are presented, followed by the radiation 

damage study used to find out the optimum experimental settings to collect XA spectra free of 

any damage. The Results and Discussion section include the spectroscopic results at the 

Manganese L2,3-edge and Oxygen K-edge. Then, I introduced the linear fitting algorithm in the 

following section, which was used to fit the experimental spectra in order to identify the amount 

of MnOx phases quantitatively in each film. Finally, a conclusion section summarizes the results 

at the end of the chapter. Further details are included in Appendix A. 

          Chapter 5, “An in situ Study of the Electronic States of the MnOx Catalyst During Water 

Electrooxidation,” is organized analogously to the previous chapter: the introduction motivates 

toward understanding the functionality of MnOx catalyst under real water oxidation reaction 

condition. More precisely, the main goal of this study is to apply an in situ spectroscopic study 

on electrodeposited MnOx films under electrocatalytic conditions in order to monitor and track 
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the structural changes happening in the metal oxides electronic states of MnOx at various 

catalytic cycle stages. Manganese L2,3-edge XAS and RIXS were measured in this study as a 

function of applied positive potential under turnover conditions. It also includes the previously 

reported literature and our elaborated approach to measuring it. In the Experimental section, a 

detailed description of the sample electrodeposition is given, and the characterization of the 

samples is presented together with the specific experimental parameters used in XAS and RIXS. 

A damage study for the samples measured with X-ray simultaneously applied to potential (i.e., 

in situ) are also reported. The experimental Results and Discussion section is divided into (i) 

cyclic voltammetry of MnOx, (ii) XAS spectra, and (iii) In situ RIXS spectra of MnOx films. 

The samples in this study were investigated in situ and ex situ for comparison. Lastly, I presented 

some of the theoretical calculations related results. Lastly, the conclusion is drawn in the last 

section. Further details are included in Appendix B. 

 Chapter 6, “Chemical Composition and Electronic Structure of the MnOx/TaON 

Interfaces,” starts with an introduction and motivation toward enhancing the catalytic activity 

of photoanodes by adding an efficient overlayer (i.e., co-catalyst). In this study, the MnOx is 

acting as a co-catalyst to the TaON photoanode. This study aims to understand the phase 

composition and electronic structural changes at the MnOx/TaON interface as a function of the 

thickness of the MnOx overlayer. The “Sample Preparation” section describes the method used 

to synthesize the MnOx/TaON films. The “Experimental Methods” sections include all the 

specific experimental parameters used for collecting HAXPES spectra, and a description of the 

HAXPES experimental geometry used is provided.  The experimental Results and Discussion 

section is divided into two main subsections (i) sample characterization and (ii) HAXPES results 

measured at the core levels of Ta 4f, O 2s, Mn 2p3/2, Mn 3s, Ta 4p3/2, N 1s, C 1s, and the valence 

band, analyzed and studied in detail. This is followed by the Numerical Simulation section, using 

the SESSA software applied on the MnOx/TaON system as a multi-layered sample of different 

thicknesses to understand the experimental results better. The “Conclusion” section follows 

afterward. More details are reported in Appendix C. 

       Chapter 7, “Summary and Outlook,” summarizes the most significant results of the reported 

studies and this dissertation's outcome with my perspective on future experiments.
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X-ray Spectroscopies 
 

Different spectroscopic techniques are used as probing methods to investigate the electronic 

structure in materials. In this dissertation, spectroscopic techniques encompassing “X-ray 

absorption spectroscopy (XAS),” “resonant inelastic X-ray scattering (RIXS),” “X-ray 

photoemission spectroscopy (XPS),” and “hard X-ray photoemission spectroscopy (HAXPES)” 

are used to investigate the electronic structure and the chemical composition of manganese 

oxide-based catalysts for water oxidation. These techniques are element-sensitive, providing 

insights into unoccupied, and occupied valence states in the investigated material. This chapter 

presents a theoretical background on X-ray spectroscopies, starting with X-ray properties, and a 

description of the interaction of X-rays with matter, followed by the fundamental aspects of the 

employed X-ray spectroscopic techniques used in this thesis. 

 

 Introduction to X-ray Spectroscopies 

Wilhelm Conrad Röntgen initially discovered the X-ray or X-radiation in 1895 while he was 

running experiments using a high-voltage discharge tube.[156, 157] He named it “X-rays” because 

of the unknown nature of the discovered radiation. The electromagnetic X-rays serve as the best 

tool to study materials since it has wavelengths, ranging from tens of nanometer to Ångstrom, 

which is about the same order of magnitude as the atomic distances in the matter. The energy of 

the incident photons (𝐸𝐸) can be determined by Plank’s law, as follow, 

𝐸𝐸 = ℎ𝜐𝜐 =
ℎ𝑐𝑐
𝜆𝜆

 
(2.1) 

where ℎ is the Planck’s constant (6.626 × 10-34 J.s), 𝜐𝜐 and  𝜆𝜆 denote the frequency and 

wavelength of the wave, respectively, 𝑐𝑐 is the speed of light (3 × 108 m/s). X-rays are divided 

according to their energies into two ranges: 'Soft' X-rays (between 0.1-2 keV) and 'Hard' or 

'Tender' X-rays (between 2-10 keV).  

X-ray radiation can be generated either by a laboratory-based anode source with fixed photon 

energy, like Al Kα (1486.6 eV) and Mg Kα (1253.6 eV) anodes or by synchrotron radiation 

source (like BESSY II in Germany). The latter offers particular advantages: (1) it provides a 

highly collimated X-ray beam with high brilliance, (2) the tunability of photon energies allows 

for local probing of core resonances of elements in the material and can probe the surface or 

bulk of the sample based on the incident photon energy.[151, 158, 159] In the last few decades, 



20 Chapter 2  
 
 

 

synchrotron-based spectroscopic techniques have become remarkably a powerful tool to study 

and investigate the properties and structure of materials to the most delicate details. BESSY II 

synchrotron radiation is used in this dissertation as the primary energy source for all 

measurements (details in section 3.2). 

Core-level X-ray spectroscopies can give direct access to probe detailed electronic structure. In 

X-ray absorption (XA) or X-ray photoemission (XP) experiments, a core-hole is created upon 

X-ray excitation, leaving the system in an excited state. The core-hole is considered an essential 

ingredient of core-level spectroscopy.[159] Then, an electron in a higher-lying energy level 

relaxes to fill the core-hole within the core-hole lifetime (typically femtoseconds) with possible 

rearrangements through radiative (i.e., emit photons) and/or non-radiative decay processes.[159, 

160]  

Figure 2.1 shows core-level spectroscopies at which various electronic excitations are presented 

based on X-photon interaction with core-electron in a molecular system. Electronic excitation 

processes can be classified into two dominant  processes as follow: 

(i) "Non-Resonant Excitation": It occurs when the energy of the incident photon is higher 

than the binding energy of the core-electron; thereby, ionization of the core-electron 

occurs, as represented in Figure 2.1(a). It is commonly known as "X-ray photoemission 

spectroscopy (XPS)" or "photoionization.” The photoemitted electrons can be measured 

by an electron analyzer, which discriminates the emitted electrons energetically. After 

photoionization, the core-hole is subsequently filled through two decay mechanisms: The 

first is the “non-resonant X-ray emission (XE)” shown in Figure 2.1(b), where a valence 

electron fills the core-hole, and photons are emitted (i.e., radiative decay). While the other 

decay process in Figure 2.1(c) is the “normal Auger-electron emission,” where it is nearly 

like the non-resonant X-ray emission, but instead of emitting some photons, there is 

photoionization of Auger electrons from a valence level (i.e., non-radiative decay). 

(ii) "Resonant Excitation": It involves tuning the incident photon energy resonantly to match 

a specific electronic excitation from the core level to an unoccupied valence level as 

schematized in Figure 2.1(d). This process is known as “X-ray absorption spectroscopy 

(XAS).” After the X-photon absorption, two subsequent decay processes can occur. The 

first is a radiative decay, where a valence electron fills the core-hole, and photons are 

emitted, as shown in Figure 2.1(e) and known as “X-ray fluorescence emission” or 

“resonant inelastic X-ray scattering (RIXS).” The second decay process is a non-radiative 

emission, where no photons are emitted but electrons. In this process, the Auger electron 

is emitted either through the “participator Auger electron emission” in Figure 2.1(f) or 
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“spectator Auger emission” in Figure 2.1(g). 

 

 

 
Figure 2.1. Schematic representation of core-level spectroscopies (XPS and XAS), depicting the  

excitation processes in a molecular system and their subsequent decay processes. The blue arrows yield 

a radiative decay (i.e., photon-out) while the red arrows to a non-radiative decay (i.e., electron-out). A 

detailed explanation of these processes is described in the text. 

 

Here in this thesis, I used three main spectroscopic techniques, XAS, RIXS, and HAXPES, as a 

probing tool to study the MnOx as a water oxidation (co-)catalyst. HAXPES technique is based 
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on XPS but using hard X-rays as the probing source instead of soft X-rays. The electronic 

excitations involved in the three above-mentioned spectroscopic techniques are schematized in 

Figure 2.2 on the MnOx molecular system. In this specific system, the core level represents 2p 

orbitals, and the occupied valence level represents the 3d (t2g) orbitals of manganese. The 

unoccupied valence level represents the manganese 3d (eg) orbitals. Each of the above-

mentioned spectroscopic techniques (also referred to in Figure 2.2(b)) will be discussed more 

in detail in the next sections, 2.2 - 2.5. 

 

 

 
Figure 2.2. (a) Typical L2,3-edge absorption spectrum for a transition metal oxide  

(birnessite MnIII/IV is chosen here as an example) with well-defined separated multiplet splitting peaks, 

and (b) Schematic representation of the electronic transitions for XAS in blue, RIXS in red, and 

HAXPES in green in the MnOx system. 

 

 X-ray Absorption Spectroscopy 

The “X-ray absorption spectroscopy (XAS)” is a powerful spectroscopic technique used to 

investigate the electronic structure of the materials. In XAS, the incident energy of X-rays is 

tunned resonantly to match the excitation of an electron from the core level to unoccupied 

valence states above the Fermi level of the element under investigation. A typical XA spectrum 

is displayed as a plot of the intensity of outcoming photons vs. incident photon energy, as shown 

in Figure 2.2(a). The characteristic sharp peaks in any XA spectrum are assigned to the transition 

from the core to unoccupied valence levels (i.e., absorption edges).[161] 

X-ray absorption edges are denoted by the letters K, L, M, .. starting this sequence with the edge 

of the highest energy. Each edge represents an excitation from a specific energy level. For 

example, the K-edge is assigned to the excitation from the 1𝑠𝑠 level into the empty 2p level; 
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whereas the L1- edge assigns a transition from 2𝑠𝑠  3𝑑𝑑 level; L2- and L3-edges are assigned to 

(2𝑝𝑝1
2�
)2 3𝑑𝑑 and (2𝑝𝑝3

2�
)4  3𝑑𝑑 transitions, respectively, and so on for M1, M2, .., M5. 

Like any other optical transitions, transitions upon X-ray excitations are usually electric dipole 

transitions, which are governed by selection rules. Therefore, transitions between electronic 

energy levels are allowed when the selection rules (∆𝑙𝑙 = ±1, ∆𝑠𝑠 =  0) are obeyed where 𝑙𝑙 is 

the angular momentum quantum number (𝑙𝑙 =  0  for s-orbital, 𝑙𝑙 = 1 for p-orbital,  𝑙𝑙 = 2 for d-

orbital, …) and 𝑠𝑠 = spin quantum number = ±1/2. [162] 

The intensity of each absorption peak in a typical XA spectrum (Figure 2.2(a)) depends on the 

transition probability or the absorption cross-section of the electronic transition between the core 

and unoccupied valence levels involved. The XA transition probability (𝑊𝑊𝑔𝑔→𝑓𝑓) between a 

system in an initial ground state �𝜓𝜓𝑔𝑔� and final state �𝜓𝜓𝑓𝑓� upon absorbing photon of energy (ћ𝜔𝜔) 

can be expressed by Fermi’s golden rule: [159] 

𝑊𝑊𝑔𝑔→𝑓𝑓 =
2𝜋𝜋
ћ �〈𝜓𝜓𝑓𝑓�𝑇𝑇��𝜓𝜓𝑔𝑔〉�

2𝛿𝛿�𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑔𝑔 − ћ𝜔𝜔� (2.2) 

Here 𝑇𝑇� represents the transition operator. The 〈𝜓𝜓𝑓𝑓�𝑇𝑇��𝜓𝜓𝑔𝑔〉 describes the matrix element between 

the ground and final states. Dirac delta (𝛿𝛿) function ensures the conservation of energy and 

identifies the density of states.[163] 𝐸𝐸𝑔𝑔, and 𝐸𝐸𝑓𝑓 are the energies of the ground and final states, 

respectively. Based on the dipole selection rule, the 2𝑠𝑠2 3𝑑𝑑 transition is electric dipole 

forbidden (∆𝑙𝑙 ≠ ±1). In contrast, the dipole transitions from 2𝑝𝑝 state into an unoccupied 3𝑑𝑑 

valence orbital are allowed and manifested in a typical L-edge XA spectrum for the first-row 

TMs in the form of two multiplet splitting well-separated intense peaks, shown in Figure 2.2(a). 

These two peaks arise due to the spin-orbit interaction of the excited metal 2𝑝𝑝 core level. The 

2𝑝𝑝 level splits according to total angular momentum 𝑗𝑗 ( 𝑗𝑗 = |𝑙𝑙 ±  𝑠𝑠|) into 3
2
 , 1
2
 with an intensity 

ratio of 2: 1.[164] For that, the first peak at the low energy range originates from 2𝑝𝑝3
2�
  3𝑑𝑑 

transition and is known as “L3-edge”, while the second absorption feature “L2-edge” on the 

higher energy side is assigned to the 2𝑝𝑝1
2�
  3𝑑𝑑 transition, as shown in Figure 2.2(a,b). The 

energetic separation between the L3 and L2-edges originates from spin-orbit splitting, which 

differs for different elements.[165] E.g., the L3 and L2-edges are separated by ~ 6.65 eV for 

vanadium, while 11 eV for manganese.[166] Since the MnOx is the specified material studied in 

this thesis; therefore I focused on measuring the absorption spectra reported in Chapter 4 and 

Chapter 5 at the dipole-allowed manganese L2 and L3-edges (2𝑝𝑝1
2�
  3𝑑𝑑, and 2𝑝𝑝3

2�
 3𝑑𝑑 

transitions, respectively) and oxygen K-edge (1𝑠𝑠  2𝑝𝑝) transitions. 
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Different acquisition modes can be considered to collect an XA spectrum (see Figure 2.3). One 

can use the direct transmission mode, at which the incident and transmitted X-ray intensities (𝐼𝐼𝑜𝑜 

and 𝐼𝐼) can be measured through a thickness (𝑧𝑧) in a material under investigation, as shown in 

Figure 2.3(b).  

 
Figure 2.3. Detection modes of X-ray absorption spectroscopy 

 

Hence, the absorption coefficient (𝜇𝜇) can be calculated from the Beer-Lambert equation (2.3) 

𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒−𝜇𝜇𝜇𝜇 (2.3) 

Where z is the thickness of the material, and 𝜇𝜇 is the absorption coefficient. 

The absorption coefficient (𝜇𝜇) is a sign of the electron density in a material and is directly related 

to the absorption cross-section of the element (𝜎𝜎𝑎𝑎) through [162] 

𝜇𝜇 =
𝑙𝑙𝑙𝑙 � 𝐼𝐼𝐼𝐼0

�

𝑧𝑧
= 𝜌𝜌𝑎𝑎𝜎𝜎𝑎𝑎 = (

𝜌𝜌𝑚𝑚𝑁𝑁𝐴𝐴
𝐴𝐴

)𝜎𝜎𝑎𝑎 
 

(2.4) 
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where 𝜌𝜌𝑎𝑎is the atomic number density, 𝜌𝜌𝑚𝑚,𝑁𝑁𝐴𝐴, and 𝐴𝐴, are the mass density, Avogadro’s number, 

and the atomic mass, respectively. Although the absorption cross-section (𝜎𝜎𝑎𝑎) can be known, 

soft X-photons are attenuated strongly within a few micrometers, which results in a very weak 

transmitted intensity.[167] Therefore, XA spectra collected with transmission mode require 

extremely thin (<100 nm) samples, which is challenging for some sample preparation 

techniques, like electrodeposition. 

Yield mode is an alternative way to measure the XA spectrum without facing sample restrictions 

and X-ray limitations as in the transmission mode. There are two aspects of yield modes; 

“Electron yield (EY)” and “Fluorescence yield (FY)” modes (Figure 2.3). Both detection modes 

rely on creating a core-hole upon X-ray absorption, followed by a subsequent energy release 

during the relaxation process. On the one hand, in EY mode, the released energy is transmitted 

to a second electron, which results in the ejection of an auger electron.[162] This is shown in 

Figure 2.1(f,g) and Figure 2.3(a).  EY is a surface-sensitive method due to the short escape depth 

of electrons from the material.[168] On the other hand, the released photons in the FY mode are 

directly measured, as in Figure 2.1(e) and Figure 2.3(c). 

Since the amount of core-holes being filled by some higher-lying valence electrons in the sample 

is equal to the number of emitted particles (electron or photon), the absorption cross-section can 

be measured by detecting such particles. Most of the emitted particles are electrons representing 

more than 95% of the total decay.[169] When one collects all the electrons flowing out of the 

sample, this is known as the “total electron yield (TEY)” mode.  The TEY intensity is dominated 

by secondary electrons created upon scattering as the Auger electron leaves the sample.[170] It 

can be practically measured by recording the drain current flowing from the solid sample holder, 

as initially investigated by Gudat and Kunz.[171, 172] The drain current is measured using the 

Keithley ammeter, which can measure extremely low currents down to 50 pA. The kinetic 

energies of the emitted electrons can be collected and measured by an electron analyzer. When 

the data acquisition is restricted to a specific range of kinetic energies, this is known as the 

“partial electron yield (PEY)” method. [167]  

In contrast to EY mode, the fluorescence yield (FY) mode or X-ray emission (XE) are bulk 

sensitive methods (ca. 10-100 nm) since it is based on collecting photons instead of electrons.[169] 

The photons have a high penetration depth in the material (in the range of micrometers). A 

photodiode or a grating spectrometer is used to detect the emitted photons. In case the 

photodiode detects all the photons without discriminating their wavelengths, this method is 

known as the “total fluorescence yield (TFY)” mode. However, when the grating spectrometer 

is adjusted to detect photons within a specific range of energies, this is called the “partial 

fluorescence yield (PFY)” method.[167] Among all, the TEY and PFY acquisition modes were 
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used to collect XA spectra in the experiments reported in Chapter 4 and Chapter 5. 

The XA spectroscopy is element-specific since the edge energy varies with each element (or 

atomic number), as shown in Figure 2.4(a).[173] In the soft X-ray regime, the fluorescence 

probability is significantly weak, which deteriorates the signal to noise ratio of the measured 

spectra.[174, 175] On the downside, the FY method also suffers distortions due to self-absorption 

and saturation effects due to the high penetration depth of photons within the sample. [169] This 

can also lead to a further reduction in the intensities of an FY spectrum. This phenomenon occurs 

mainly for highly concentrated samples.[176] The FY and the Auger emission quantum yield vs. 

the atomic number of elements are shown in Figure 2.4(b). The Auger processes compete with 

the fluorescence yield in a way that the probability for Auger emission is much higher for light 

elements (small Z) than the fluorescence.[177, 178] For example, in the soft X-ray regime, the 

fluorescence yield signal for manganese (Z=25) at L3-subshell (2p3/2) represents only ca. 1%. 

 

 

 
Figure 2.4. (a) Binding energy of the 1s (K-edge), 2p3/2 (L3-edge), and 3d5/2 (M5-edge) levels  

as a function of the atomic number. Reproduced from [173], Copyright 2018 Springer Nature Switzerland 

AG (b) Fluorescence and Auger yield probabilities as a function of atomic number. Reproduced from 
[178]. Copyright 1999 Cambridge University Press. 

 

 Resonant Inelastic X-ray Scattering 

Resonant inelastic X-ray scattering (RIXS) is a photon in/photon out spectroscopy, which is 

also known as ‘resonant X-ray emission spectroscopy (RXES)’.[150, 179, 180] ‘Resonant’ of RIXS 

means that the incident X-ray energy match well with one of the core-electron excitation 

thresholds (i.e., absorption edges). While ‘Inelastic’ means that the incoming photon energy 
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which enters the sample is not equal to the emitted photon energies (𝐸𝐸𝑖𝑖𝑖𝑖 ≠ 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜). RIXS 

technique is a bulk sensitive method, which gives element-specific information. While XAS is 

a first-order optical process which probes an unoccupied state as an intermediate state, RIXS act 

as a second-order optical process which probes the occupied valence states in the final state.[159, 

181-183] I elaborate on explaining this using an example in Figure 2.5(a) for a typical d4 TM ion, 

like MnIII. In XAS, core-electron is resonantly excited upon photon absorption of energy (ћ𝜔𝜔𝑘𝑘) 

to unoccupied valence state [2𝑝𝑝3
2�
 3𝑑𝑑(eg)] followed by a relaxation of a lower-lying valence 

electron to fill the core-hole [3𝑑𝑑(t2g)  2𝑝𝑝3
2�

] which can be probed by RIXS technique. The 

energy difference between the incident and emitted photons (i.e., energy loss) is transferred to 

the material in the form of low-energy elementary excitations.[150, 151] 

 

 
Figure 2.5. Schematic representation of the XAS/RIXS process: (a) The electronic transitions  

at the L3-edge (2p3/2) for a typical d4 transition metal ion like MnIII in an octahedral symmetry, and (b) 

its corresponding energy scheme at which T1 and T2 are the transition operators between the states. 

More details are described in the text. Figure (b) is adapted from [183] with permission from Elsevier. 
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Figure 2.5(b) shows a schematic energy diagram for the states involved in XAS/RIXS 

processes.[183] A core-electron in the ground-state system of wave function |𝜓𝜓𝑔𝑔� and energy 𝐸𝐸𝑔𝑔 

absorbs incoming photon energy of (ћ𝜔𝜔𝑘𝑘), close to the core-electron excitation threshold, then 

excited to an unoccupied valence state above Fermi level, leaving a core-hole behind; this now 

represents the intermediate state with wave function |𝜓𝜓𝑖𝑖⟩ and energy 𝐸𝐸𝑖𝑖. Then an electron in a 

lower-lying valence state relaxes to fill the core-hole, emitting photon of energy (ћ𝜔𝜔𝑘𝑘′) and 

reach a final state represented by |𝜓𝜓𝑓𝑓� and energy 𝐸𝐸𝑓𝑓. The final state may not necessarily be the 

electronic ground state.[183] 

The one-step Fermi’s Golden rule in equ. (2.2) cannot describe transitions in RIXS since it is a 

two-step process, so it needs a higher-order treatment, incorporating the resonant second-part of 

the Kramers-Heisenberg equation[184, 185], 

𝑊𝑊(𝜔𝜔𝑘𝑘,𝜔𝜔𝑘𝑘′) 𝛼𝛼���
�𝜓𝜓𝑓𝑓�𝑇𝑇2��𝜓𝜓𝑖𝑖��𝜓𝜓𝑖𝑖�𝑇𝑇1� �𝜓𝜓𝑔𝑔�
𝐸𝐸𝑔𝑔 + ћ𝜔𝜔𝑘𝑘 − 𝐸𝐸𝑖𝑖 − 𝑖𝑖𝛤𝛤𝑖𝑖/2

𝑖𝑖

�
2

×
𝛤𝛤𝑓𝑓/2𝜋𝜋

(𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑓𝑓 + ћ𝜔𝜔𝑘𝑘 − ћ𝜔𝜔𝑘𝑘′)2 + 𝛤𝛤𝑓𝑓2/4
𝑓𝑓

 
 

   (2.5) 

where, 𝑇𝑇1�  and 𝑇𝑇2� represents the optical transition operators for the photon absorption and 

electron relaxation processes, respectively; 𝛤𝛤𝑖𝑖 and 𝛤𝛤𝑓𝑓 are the core-hole lifetime broadening of 

the intermediate and final states, respectively. The energy transferred to the system is equal to 

the difference between the incoming and emitted photons (i.e., ћ𝜔𝜔 = ћ𝜔𝜔𝑘𝑘 − ћ𝜔𝜔𝑘𝑘′), which is 

also equivalent to the energy difference between the ground and the final state of the atom. 

Interestingly, as the dipole operator acts twice (|𝜓𝜓𝑔𝑔�  |𝜓𝜓𝑖𝑖⟩ followed by |𝜓𝜓𝑖𝑖⟩  |𝜓𝜓𝑓𝑓�), there is 

no necessity that the ground-final transition is dipole allowed. In other words, transitions at 

which the change in angular momentum equal to zero (∆𝑙𝑙 = 0) are thereby accessible.[150, 183] 

Therefore, RIXS can access the dipole forbidden d-d transition between the 3d states in TM 

oxides. 

The RIXS spectrum is typically a plot of intensity versus energy-loss scale (i.e., the incident 

energy minus the emitted energy). The energy calibration used for plotting RIXS spectra is 

described in section 3.4.2. Compared to other spectroscopic techniques like XAS and XPS, 

RIXS has a much lower intensity signal, but simultaneously it provides valuable information 

about elementary excitations near the Fermi level, which manifest in the RIXS spectrum as 

energy-loss (Raman) features such as [150, 159, 180] 

(1) Elastic Peak: This peak appears at zero energy loss (ћ𝜔𝜔 = 0) at which the final state 

energy in Figure 2.5(b) matches the initial state energy. In other words, the excited 

electron in the intermediate state refills the core level, and no energy is transferred into 
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the system. This process is known as “Resonant Elastic X-ray scattering (REXS).” 

(2) d-d Excitations: it originates when there is an energy difference between the initial and 

the final states, so energy (ћ𝜔𝜔) is transferred to the system. It is commonly known as 

“d-d transition” excitation. The intensity and energetic position of the d-d excitation 

feature can give direct information of the occupied density of states relative to empty 

states (3𝑑𝑑 in the case of first-row TMs). Thereby it provides information on the bandgap 

in case of semiconductors.[113] For TM complexes, the d-d transition is in the range of 

1-5 eV. This d-d excitation can also be monitored using the conventional UV-Vis 

spectroscopy; however, RIXS is a much superior technique. It is an element selective 

and orbital specific technique with relaxed selection rules and provides a relatively 

higher energy resolution than UV.[186] 

(3) Charge Transfer Excitations: it originates when a neighboring electron in the ligand 

participates in the decay of electron in the metal or vice versa. Here this excitation often 

appears as a broad peak in the range of 4-15 eV.[187, 188] 

(4) Fluorescence: it originates when a core-ionized atom is created, followed by an electron 

relaxation from the occupied valence orbitals to fill the core-hole, and photons are 

emitted, as shown in Figure 2.1(b). Fluorescence is also known as “Normal X-ray 

Emission.” This fluorescence feature scales linearly with the excitation energy. 

(5) Magnons and Phonons Excitations appear energetically below 1 eV energy loss. The 

detection of such excitations requires a high-resolution RIXS spectrum. 

 

Among these, we focused on studying d-d excitations and charge transfer (CT) excitations, as 

described (vide infra) in section 5.3.3. Therein, I elaborate on an in situ RIXS study done on the 

MnOx catalyst, showing changes that evolve in the elastic feature, d-d excitations, and charge 

transfer excitations as a function of applied potential to the MnOx. 

The RIXS data can be plotted as a map in the incident photon energy (horizontal) vs. the emitted 

photon energy (vertical), and colors discriminate the intensity changes, as shown in Figure 2.6. 

By integrating the emitted intensities for every incident energy, i.e., a vertical line in the RIXS 

map will result in an XA spectrum with absorption edges, as shown in the bottom panel of Figure 

2.6. RIXS maps can also be plotted vs. energy-loss instead of the emitted energy scale. In such 

a plot, the elastic features will be seen as a vertical line, while the fluorescence features as 

diagonal traces, as shown later in Figure 5.10. 



30 Chapter 2  
 
 

 

 

 
Figure 2.6. The top panel shows a 2D RIXS map with different excitation features, collected  

experimentally for a MnOx thin film. The bottom panel shows an XA spectrum collected in the partial 

fluorescence yield mode, at which the intensity of emitted photons is integrated as a function of incident 

energy. The experimental details are discussed in Chapter 5. 

 

 X-ray Photoelectron Spectroscopy 

The “X-ray Photoelectron Spectroscopy (XPS)” is a well-established technique to measure the 

binding energies of electrons and identify the chemical composition of materials. This 

spectroscopic technique is based on the photoelectric effect explained by Albert Einstein in 1905 
[189] and developed later by K. Siegbahn in 1981.[190] A three-step model can precisely describe 

the direct photoemission process, as schematized in Figure 2.1(a):[191] (1) Photon excites an 

electron in a sample, (2) electron travels within the sample to the surface, then (3) escapes from 

the sample surface with kinetic energy into the vacuum, leaving the system in an ionized state. 

An electron analyzer can discriminate the kinetic energy of the photoemitted electrons. 

Depending on the incident X-photon energy, an electron in valence orbitals or core level can be 
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excited. For that, two emission channels exist; “valence photoemission,” and “core-level 

photoemission.” 

Since the energy is conserved, the excitation energy of the incident photons (ћ𝜔𝜔) is used to 

overcomes the binding energy of the electrons (𝐵𝐵𝐸𝐸) and the rest of energy is given as kinetic 

energy (KE) to the ejected electron, as follow, 

𝐾𝐾𝐸𝐸 = ћ𝜔𝜔 − 𝐵𝐵𝐸𝐸,    ћ𝜔𝜔 > 𝐵𝐵𝐸𝐸 (2.6) 

Since the binding energy of the electrons of an atom under investigation is an intrinsic property, 

thus, the 𝐾𝐾𝐸𝐸 of photoelectrons can be known if ћ𝜔𝜔 and 𝐵𝐵𝐸𝐸 are known. But if the sample is 

electrically connected with a spectrometer (Figure 2.7), it is necessary to include the work 

function of the spectrometer (Φ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜) in equation (2.6). Then, equation (2.7) is taken the vacuum 

level (Ev) as a reference and can be written as follow, 

𝐾𝐾𝐸𝐸 = ћ𝜔𝜔 − 𝐵𝐵𝐸𝐸 −Φ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜 (2.7) 

 

 
Figure 2.7. Energy Diagram of a sample that is electrically connected to a spectrometer  

(electron analyzer) used for the XPS experiment. X-ray photons will excite and liberate electrons at a 

specific core level against its binding energy (𝐵𝐵𝐸𝐸) and work function (Φs), and the rest energy will be 

given as kinetic energy (𝐾𝐾𝐸𝐸). Adapted from [192] Copyright 2015 Springer-Verlag Berlin Heidelberg. 

 

In contrast to PFY-XAS and RIXS processes, the X-ray photoemission process is a surface-
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sensitive technique where the photoemitted electrons originate from the very top surface layers 

(i.e., few nms underneath the sample surface). The reason is that electrons have a short escape 

depth, generally in the order of Angstroms, whereas the attenuation length of X-rays (or 

penetrating power of X-photons) is much deeper in the sample, e.g., 1 − 10 μm for a soft X-ray 

beam.[193, 194] Those electrons emitted from the sample provide direct information about the 

electronic structure.  

In the photoemission process, an electron is removed upon absorption of photon energy ћ𝜔𝜔 from 

the 𝑁𝑁-electron ground state � 𝜓𝜓𝑔𝑔𝑁𝑁 � with occupied spin-orbital of energy 𝐸𝐸𝑔𝑔(𝑁𝑁) to the (𝑁𝑁 − 1)-

electron final ionized state� 𝜓𝜓𝑖𝑖
𝑁𝑁−1 � of an energy 𝐸𝐸𝑖𝑖(𝑁𝑁 − 1) where (𝑖𝑖 refer to “ionized”). The 

transition probability between the ground 𝐸𝐸𝑔𝑔(𝑁𝑁) and the ionized state 𝐸𝐸𝑖𝑖(𝑁𝑁 − 1) is like any state 

transition, governed by Fermi’s Golden Rule, so equation (2.2) will be modified to equation 

(2.8), to give an expression of the transition probability (𝑊𝑊𝑔𝑔→𝑖𝑖):[195, 196] 

𝑊𝑊𝑔𝑔→𝑖𝑖 =
2𝜋𝜋
ћ �〈 𝜓𝜓𝑖𝑖

𝑁𝑁−1 �𝑇𝑇�� 𝜓𝜓𝑔𝑔𝑁𝑁 〉�
2
𝛿𝛿�𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑔𝑔 − ћ𝜔𝜔� (2.8) 

After the core-electron photoemission process, an electron from the valence level decays to fill 

the core-hole, and a photon or an electron is emitted. The decay processes are known as “non-

resonant X-ray emission” or “normal Auger electron emission” processes. In the normal Auger-

electron emission (Figure 2.1(c)), an electron from a high-lying valence level fills the core-hole, 

transferring its energy to a third electron (Auger) to ionize it, and the system is left in a doubly 

ionized state. The KE of the Auger electrons is determined by the energy difference between the 

electronic states involved in the process and independent of the incoming photon energy in 

contrast to the photoelectrons.[197] The Auger electrons can also be emitted during relaxation via 

non-radiative channels, known as “participator Auger emission” and “spectator Auger 

emission,” illustrated in Figure 2.1(f) and (g), respectively. It is known as resonant 

photoelectron spectroscopy (RPES) since the Auger emission occurs under resonance 

conditions. In other words, photon energy is tuned resonantly (like XAS) with unoccupied 

valence states just above the Fermi edge, then the relaxation of an electron from the valence 

band to fill the core-hole resonantly promotes the emission of Auger electron from the same 

valence band.[151] The resonant Auger electrons give rise to the intensity of the emitted 

photoelectrons due to the coherent superposition between resonant Auger electrons and direct 

photoemitted electrons.[191] However, it also makes it difficult to distinguish between the final 

states of resonant Auger electrons and the direct photoelectrons in the XPS spectrum. 

The XPS spectrum describes the intensity 𝐼𝐼𝑖𝑖𝑖𝑖  of the emitted photoelectrons as a function of 
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their binding energies. 𝐼𝐼𝑖𝑖𝑖𝑖  is the intensity of the photoelectron peak 𝑗𝑗 from element 𝑖𝑖, which 

describes the number of photoelectrons that hit the detector per unit time and per unit energy, 

and can be described by the following equation [189, 198]: 

𝐼𝐼𝑖𝑖𝑖𝑖 = 𝑒𝑒−
𝜇𝜇

𝜆𝜆𝑋𝑋𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠 (𝜌𝜌(𝑧𝑧)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧)�
𝑑𝑑𝜎𝜎𝑖𝑖𝑛𝑛(𝛼𝛼)
𝑑𝑑Ω

Ω� 𝐼𝐼𝑜𝑜𝑒𝑒
− 𝜇𝜇
𝜆𝜆𝑒𝑒𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠 𝐷𝐷𝑜𝑜(𝐾𝐾𝐸𝐸) 

(2.9) 

Where the first exponential term (𝑒𝑒−
𝑧𝑧

𝛬𝛬𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) describes the X-ray intensity attenuation during its 

way from the surface of the sample to the volume element 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧 (supposing that an angle ϑ 

is the angle of incidence at the sample surface or the angle between the X-ray trajectory and the 

normal to the sample surface), 𝜆𝜆𝑋𝑋 is the inelastic X-ray attenuation length, 𝜌𝜌(𝑧𝑧)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧 is the 

local material density of the infinitesimal volume element 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧 at a depth 𝑧𝑧 from the sample 

surface; �𝑑𝑑𝜎𝜎𝑠𝑠𝑛𝑛(𝛼𝛼)
𝑑𝑑Ω

� is the differential scattering cross-section, which describes the probability of 

the photoelectrons emitted from a 𝑑𝑑𝑑𝑑 plane forming an angle 𝜃𝜃 between the analyzer and the 

sample surface (i.e., take-off angle) into the analyzer acceptance solid angle (Ω).[199] Under the 

assumption of dipolar approximation and for 100% linearly polarized light with low photon 

energies in the soft X-ray regime, the differential scattering cross-section can be expressed as 

follows:[199-201] 

𝑑𝑑𝜎𝜎𝑖𝑖𝑛𝑛(𝛼𝛼)
𝑑𝑑Ω

=
𝜎𝜎𝑖𝑖𝑛𝑛  
4𝜋𝜋 �1 +

1
2
𝛽𝛽𝑖𝑖𝑛𝑛 .  (3𝑐𝑐𝑐𝑐𝑠𝑠2𝛼𝛼 − 1)� 

(2.10) 

where 𝜎𝜎𝑖𝑖𝑛𝑛 is the total photoionization cross-section for a core level described by 𝑙𝑙-principal and 

𝑙𝑙-angular momentum quantum number. It can be defined as the ratio of the number of electrons 

emitted to the incident photons per unit time and unit surface area. 𝛽𝛽𝑖𝑖𝑛𝑛  is the corresponding 

asymmetry parameter, which describes the anisotropy of the photoelectron angular distribution, 

𝛼𝛼 is the angle formed between the photon polarization vector 𝜀𝜀  and the photoelectron 

momentum direction 𝑃𝑃�⃗ .[201, 202] Figure 2.8 schematizes the photoemission experimental geometry 

describing the aforementioned angles. The value of the anisotropy parameter (𝛽𝛽) varies between 

−1 and 2;[201] however, when 𝛼𝛼 =  54.7°, the anisotropy parameter can be eliminated. This angle 

is commonly referred to as the ‘magic angle’.  

The second exponential term in equation (2.9) defines the attenuation of the photoelectron 

intensity 𝐼𝐼𝑜𝑜, during its way to the surface of the sample within a thickness (𝑧𝑧) as a result of 

inelastic scattering collisions as described in equ. (2.11): 

𝐼𝐼(𝑧𝑧) = 𝐼𝐼𝑐𝑐𝑒𝑒
− 𝑧𝑧
𝜆𝜆𝑒𝑒𝑠𝑠𝑖𝑖𝑙𝑙𝜃𝜃 (2.11) 
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Figure 2.8. Schematic illustration of the X-ray photoelectron spectroscopy (XPS)  

experimental geometry, using the aforementioned angles in equation (2.10). 

 

𝜆𝜆𝑠𝑠 is the inelastic mean free path, which is the average path length traveled by the photoelectron 

before it is inelastically scattered; 𝜃𝜃 is the take-off angle to the sample surface (𝜃𝜃 = 90 − 𝛼𝛼). 

For constant 𝜃𝜃, the signal detected at a depth of 𝜆𝜆𝑠𝑠 , 2𝜆𝜆𝑠𝑠 , and 3𝜆𝜆𝑠𝑠 is about 64%, 87%, and 95%, 

respectively.[198, 203] In general, electrons have a rather short “inelastic mean free path (IMFP)” 

in materials. The probed depths depend on three main factors: (1) the inelastic mean free path, 

which is highly dependent on the KE of the photoelectrons or the photon excitation energy 

(illustrated further in next section 2.5), (2) the probed material, and (3) the detection angle of 

the photoelectrons with respect to the sample surface (𝜃𝜃, take-off angle). By increasing the angle 

𝜃𝜃, the photoelectrons have to move longer in the material, so it becomes less surface sensitive, 

and the probing depth increases. 

𝐷𝐷𝑜𝑜(𝐾𝐾𝐸𝐸) in equation (2.9) is the electron analyzer detection efficiency. 

       In a typical XPS spectrum, the photoemission peaks are commonly represented as “𝑙𝑙𝑙𝑙𝑖𝑖", 

where the principal quantum number "𝑙𝑙" refers to the orbital at which the photoelectrons have 

been emitted (𝑙𝑙 = 1, 2, 3 …); while "𝑙𝑙" resembles the “orbital angular momentum quantum 
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number and 𝑗𝑗 is the total angular momentum  (𝑗𝑗 = 𝑙𝑙 ± 𝑠𝑠). The full width at half maximum 

(FWHM) of a typical XPS peak is determined mainly by the natural line width (𝛤𝛤) and the 

instrumental resolution. On the one hand, the natural line width (𝛤𝛤) depends on the lifetime of 

the excited core-hole (τ) while on the other hand, the instrumental resolution is determined by 

the X-ray beamline resolution (∆𝐸𝐸𝑥𝑥−𝑟𝑟𝑎𝑎𝑟𝑟), and analyzer resolution (∆𝐸𝐸𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛𝑟𝑟𝜇𝜇𝑠𝑠𝑟𝑟). By convoluting 

these components, the FWHM (𝛬𝛬) of a typical XPS peak can be written as [198, 203]: 

𝛬𝛬 = �∆𝐸𝐸𝑥𝑥−𝑟𝑟𝑎𝑎𝑟𝑟2 + ∆𝐸𝐸𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛𝑟𝑟𝜇𝜇𝑠𝑠𝑟𝑟2 + 𝛤𝛤2 
(2.12) 

The linewidth ∆𝐸𝐸𝑥𝑥−𝑟𝑟𝑎𝑎𝑟𝑟 is affected by slit widths and the spot size of the incident X-rays; whereas 

∆𝐸𝐸𝑎𝑎𝑖𝑖𝑎𝑎𝑛𝑛𝑟𝑟𝜇𝜇𝑠𝑠𝑟𝑟 is affected by the analyzer pass energy. The micro-focusing monochromator with a 

small spot size provides a proper instrumental resolution. The core-hole lifetime τ generally 

describes the spectral broadening; it decreases as the core-hole is deeper (i.e., closer to the 

nucleus). In that instance, the deep core-hole will have a higher chance of being filled by more 

higher-lying electrons, so smaller lifetime.[195, 196] For example, the FWHM for Au 4f is smaller 

compared to a deeper core level like Au 4d. The reason for that returns to the Heisenberg 

uncertainty principle (∆𝐸𝐸 .∆𝑡𝑡  ~ ћ) such that as ∆𝑡𝑡  decreases, ∆𝐸𝐸 should increase. 

 

 Hard X-ray Photoemission Spectroscopy 

As pointed out in the last section that typical XPS is well-known to be surface-sensitive due to 

the low KE of the photoelectrons, which is related to the low excitation energy as described by 

equ. (2.7). It becomes clear that when the excitation energy increases, the KE of photoelectrons 

increases and surface sensitivity decreases. To do so, high energy X-rays (“Hard” or “Tender” 

X-rays) in the energy range of ca. 2–12 keV probe more in-depth into the samples (i.e., bulk 

sensitive). This technique is developed and known as “Hard X-ray photoemission spectroscopy 

(HAXPES).”  It is an appropriate technique used to increase the probing depth into a sample 

(i.e., buried layers or interface) without removing the surface layers.[201] On the downside, the 

photoionization cross-section decreases rapidly with increasing the excitation energy, which 

deteriorates the photoemission signal. Therefore the high brilliance synchrotron radiation would 

be suitably used for the HAXPES technique. Compared to the grating monochromator used for 

delivering soft X-rays, the crystal monochromator typically delivers energies in the hard X-ray 

regime. 

For hard X-rays, the differential scattering cross-section in equ. (2.10) should be corrected to 

include the first-order non-dipole approximation expressed in the second square parenthesis 
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beside the dipole approximation as follow: [199-201] 

𝑑𝑑𝜎𝜎𝑖𝑖𝑛𝑛(𝛼𝛼)
𝑑𝑑Ω

=
𝜎𝜎𝑖𝑖𝑛𝑛  
4𝜋𝜋 ��1 +

1
2
𝛽𝛽𝑖𝑖𝑛𝑛 .  (3𝑐𝑐𝑐𝑐𝑠𝑠2𝛼𝛼 − 1)� + (𝛿𝛿 + 𝛾𝛾. 𝑐𝑐𝑐𝑐𝑠𝑠2𝛼𝛼) 𝑠𝑠𝑖𝑖𝑙𝑙𝛼𝛼𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 � 

(2.13) 

𝑠𝑠 is the angle between the photon momentum vector 𝑘𝑘�⃗  and the plane containing 𝑃𝑃�⃗  and 𝜀𝜀 (as 

illustrated in Figure 2.8). While 𝛽𝛽𝑖𝑖𝑛𝑛 is a dipolar parameter, the 𝛿𝛿 and 𝛾𝛾 are non-dipolar 

parameters. The parameters 𝜎𝜎𝑖𝑖𝑛𝑛 ,𝛽𝛽𝑖𝑖𝑛𝑛, 𝛿𝛿, and 𝛾𝛾 are functions dependent on the excitation 

energy.[200] 

In photoemission experiments, some significant parameters are closely related to each other and 

are used in this thesis: “The inelastic mean free path (IMFP),” “mean escape depth (MED),” 

and the “information depth (ID).” These parameters depend on the configuration of the 

experimental instruments used (i.e., beamline and analyzer) and the sample under investigation 

(amount of (in)elastic-scattering events within the material, which affect the trajectories of the 

detected photoelectrons).[201] These parameters are defined according to the International 

Organisation for Standardisation (ISO) as follows: [204] 

 

“Inelastic mean free path (IMFP): average distance that an electron with given energy travels 

between successive inelastic collisions.”[194] The universal curve in Figure 2.9(a) shows the 

dependence of the IMFP (𝜆𝜆𝑠𝑠) on the KE of the emitted photoelectron and IMFP value can be 

estimated using equation (2.14).[151]  [KE is expressed in eV] 

𝜆𝜆𝑠𝑠 =
1430
𝐾𝐾𝐸𝐸2

+ 0.54√𝐾𝐾𝐸𝐸 (2.14) 

“Mean escape depth (MED): it is the average depth normal to the surface from which the 

specified particles or radiation escape.” [194] 

“Information depth (ID): maximum depth, normal to the surface, from which useful information 

is obtained.”[194] It is also commonly termed as “probing depth”. One should remember that this 

information is based on a thickness, from which 95% or 99% of the detected signal 

originates.[205]  

 

The higher the kinetic energy of the photoelectrons, the higher the IMFP, so higher the probing 

depth (~3𝜆𝜆𝑠𝑠). When increasing the excitation photon energy from 2 to 12 keV, the IMFP of the 

photoelectrons in the matter will be generally increased from approximately 3 nm to 15 nm. [206]  
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Figure 2.9. (a) Electron inelastic mean free paths (𝜆𝜆𝑠𝑠) trend as a function of photoelectron  

kinetic energy. Adapted from [207] with permission from John Wiley. (b) Schematic illustration of the 

photoelectron emission with high- (blue) and low- (yellow) kinetic energy electrons. The left-side in (b) 

graph simplifies the probing sensitivity through the exponential attenuation of the emitted photoelectron 

intensity as a function of sample depth for the low and high kinetic energy electrons. 

 

Figure 2.9(b) schematically illustrates how electrons in solids with low and high kinetic energy 

are emitted from the surface and bulk. The low kinetic energy photoelectrons, shown in yellow, 

have a high probability of undergoing inelastic scattering, so they have shorter IMFP compared 

to photoelectrons with high kinetic energy (shown in blue). As a result, the low KE electrons in 

bulk will scatter away before reaching the sample surface, and only those close to the surface 

can be emitted and detected by the electron analyzer. Meanwhile, the high KE electrons can 
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escape from the bulk and interfaces between inter-layers. The left-hand side of Figure 2.9(b) 

illustrates the exponential attenuation of the emitted photoelectron intensity. It shows that most 

of the information depth for the low KE photoelectrons will be from the surface and least from 

bulk in contrast to the high KE photoelectrons. 

For that, the relatively bulk sensitive HAXPES spectroscopic technique is employed in this 

thesis in Chapter 6 as a probing tool to study structural and compositional changes at the 

interface between MnOx and TaON photoabsorber as a function of increasing the MnOx 

overlayer thickness. 
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Experimental Methods and Setups 
 

  

This chapter provides an overview of two experimental setups (LiXEdrom and HIKE) we used 

to perform spectroscopic measurements, together with using various beamlines of the 

synchrotron facility of BESSY II in Berlin, Germany. The absorption and resonant inelastic 

spectra were collected using the LiXEdrom setup, while the hard X-ray photoemission study 

was explored with the HIKE setup. In this chapter, I describe the characteristics of both 

experimental setups and the electrochemical flow cell used to host the sample under 

investigation for the XAS/RIXS study. In the subsequent section, I present some fundamentals 

of the synchrotron radiation, which is used in this thesis as the primary probing tool, including 

the beamlines used—followed by describing sample preparation methodologies and data 

analysis consideration. The chapter is concluded with a brief description of the “simulation of 

electron spectra for surface analysis (SESSA)” software I used to perform numerical simulation, 

which supported the hard X-ray photoemission measurements. 

 

 Experimental Setups 

 

The LiXEdrom is a mobile experimental endstation at the BESSY II facility used to measure 

high-resolution absorption and emission measurements for solid or liquid samples.[208] This 

setup was used to collect the XAS/RIXS measurements reported in this thesis in Chapter 4 and   

Chapter 5. Figure 3.1 shows a schematic diagram of the LiXEdrom endstation. The LiXEdrom 

setup is comprised of three sections: (1) The main chamber, in which the X-ray beamline 

passes along the y-direction, interacting with the sample. The solid samples can be mounted on 

a sample holder while liquid samples flow either in a liquid jet[209] or electrochemical flow 

cell.[148] The sample holder or flow cell is mounted on a motorized micrometer-precision 

manipulator, which can move by submicron steps in XYZ directions with rotation around the z-

axis (𝑠𝑠) required for proper sample alignment with the spectrometer and the beamline. The 

vacuum pressure inside the main chamber can reach 10-7  mbar for a solid sample holder and  
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10-6  mbar in the case of the flow cell. 

 

 
Figure 3.1. A 3D schematic drawing of the LiXEdrom experimental setup, encompassing the main  

chamber, differential pumping, and the spectrometer section. The spectrometer section includes the 

grating chamber and the photon detector. The 3D drawing is adapted from [208]. 

 

(2) a differential pumping section is placed behind the main chamber. Its function is to 

differentiate the pressure between the main chamber and the beamline and to the spectrometer 

section. A pinhole is used to separate these sections, which allows the pressure inside the 

differential pumping and the spectrometer section to reach 10-9  mbar. (3) the Spectrometer 

consists of a grating serving as a dispersive element and a photon detector. The gate valve 

between the main chamber and the spectrometer is left open during XA spectra measured in FY 

mode and RIXS measurements; however, it should be closed during collecting XA spectra 

measured in EY mode or when the sample is inserted or removed from the main chamber to 

preserve the vacuum pressure. The LiXEdrom spectrometer in the current version includes two 

variable-line-spacing (VLS) spherical gratings. One is a low-energy grating (G1) with line 

density 1200 I/mm, which covers energies of 200 – 500 eV, while the high-energy grating (G2) 
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with 2400 I/mm line density is optimized for covering energies of 400 – 1200 eV.[208] Both 

gratings are connected to the photon detector via a metal bellow (right of Figure 3.1) and placed 

on a motorized manipulator. The LiXEdrom spectrometer (i.e., gratings and detector) is arranged 

in a Rowland circle geometry, as illustrated in Figure 3.2, aiming at minimizing aberrations from 

spherical grating as suggested by Henry Rowland.[210] The grating radius defines the diameter 

of the Rowland circle. [210]  The photons emitted out of the sample are focused on the spherical 

grating, which allows for wavelength dispersion, then the signal is subsequently detected by a 

rotatable photon detector (Figure 3.2).  

 

 
Figure 3.2. Schematic drawing of the LiXEdrom spectrometer arranged in a Rowland circle  

geometry. The incoming X-ray beam interacts with the sample (here as an example, the sample is 

deposited on a membrane in a flow cell); then, the emitted photons are focused on a spherical grating 

and energetically resolved toward a photon detector. A rotatable photon detector then collects the 

fluorescence light in the form of XAS/RIXS. 

 

 

 
Figure 3.3. Photon detector assembly of the LiXEdrom. The electron avalanche process  

happening in the MCP is shown on the right side. This figure is reproduced from reference [211]. 
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Figure 3.3 shows an assembly for the photon detector placed in the spectrometer section of the 

LiXEdrom setup. It consists of a deflection plate, a microchannel plate (MCP), a phosphorous 

screen, and a charge-coupled device (CCD) camera.[208] Once the photons are received from the 

grating and incident on the MCP surface, electrons will be emitted. Every single electron enters 

a small tube known as a microchannel of the MCP, in which they are accelerated under high 

voltage.[167] As schematized on the right-hand side of Figure 3.3, the primary electron emits a 

shower of secondary electrons, known as electron avalanche, upon collision with the 

microchannel walls.[167] The electron shower will subsequently impinge on the phosphorous 

screen, producing a fluorescence image on the CCD camera, which can be measured, corrected, 

and converted to RIX spectra, as illustrated in section 3.4. 

The XA spectra are measured in PFY mode (abbreviated as PFY-XA spectra) using the rotatable 

photon detector with a relatively low signal to noise ratio compared to XA spectra measured in 

TEY mode (abbreviated as TEY-XA spectra). Hence relatively longer data acquisition time 

should be considered when collecting PFY/TFY spectra to improve the signal to noise ratio.  

 

 

The flow cell is an intelligent way to investigate liquids in a vacuum with X-rays, at which a 

membrane acts as a barrier between liquid and vacuum and simultaneously allows transmission 

of X-rays. [167, 212] The flow cell is specially designed for the LiXEdrom endstation and used to 

conduct in situ soft X-ray spectroscopic (XAS/RIXS) measurements together with 

electrochemical analysis, as reported in Chapter 5. The flow cell is mounted on a manipulator 

to adjust its position with respect to the X-ray beam and the grating. The flow cell body is made 

of polyether ether ketone (PEEK). It includes an O-ring of Viton, which has high chemical 

resistance, prevents electrolyte leakage, and secures the membrane against the mechanical force 

applied from the cell body.[167] The small amount of electrolyte (ca. 5 mL) needed to conduct 

measurements with the flow cell is an advantageous feature, which distinct it over other 

techniques, like micro-jet. Since conductive substrates are needed for XAS/RIXS 

measurements, a 20 nm thick layer of gold (Au) is sputter-coated on the 100 nm Si3N4 

membrane. Details on the Si3N4 membrane is reported in section 3.3.1.2. 

The electrochemical flow cell (in the middle of Figure 3.4) is fitted with 3-electrodes: platinum 

(Pt) wire used as a counter electrode, Ag|AgCl|3.4 M KCl electrode (sourced from Innovative 

Instruments, Inc., USA) as the reference electrode, and the Si3N4 membrane (sourced from 

Silson Ltd, UK) served as the working electrode. The flow cell is connected to a peristaltic pump 

(REGLO ICC- 75-0514), which is used to pump the electrolyte from the electrolyte reservoir to 
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the flow cell under a controlled flow rate, as shown in Figure 3.4. The potentiostat and the 

peristaltic pump are placed outside the LiXEdrom setup, connected to the flow cell in the 

vacuum chamber via feedthrough. Before conducting the in situ X-ray spectroscopic 

measurements, the sample is first deposited on the smooth side of the Au/Si3N4 membrane 

(attached to the electrolyte). 

 

 

 
Figure 3.4. A schematic diagram for the electrochemical flow cell connected to a peristaltic pump. 
 The electrolyte is pumped into the flow cell via a peristaltic pump under a controlled flow rate. The 

electrolyte is flushed in a small area behind the Si3N4 membrane then flushed out to the waste reservoir. 

 

The Au/Si3N4 membrane should be relatively thin to allow the transmission of photons through 

the membrane to interact with the sample. At the same time, the membrane should sustain the 

difference in the pressure (~1 bar). Figure 3.5 shows the calculated X-ray transmission curves 

of Si3N4 (100 nm) membrane with and without a gold overlayer (20 nm). It reveals that X-ray 

transmission is reduced by 25-40 % through the Au/ Si3N4 membrane in the energy range (500-

660 eV). This specified energy range mainly covers the oxygen and the manganese absorption 

edges needed in our investigations. It should be mentioned that the transmission is further 

reduced by 10-20 % when the flow cell is tilted by 45o with respect to the X-ray direction.[167]  
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Figure 3.5. The X-ray transmission curve through 100 nm Si3N4 membrane window in gray  

and 20 nm Au overlayer on 100 nm Si3N4 membrane in orange. Data obtained from 

http://henke.lbl.gov/optical_constants/filter2.html 

 

 

 

The High Kinetic Energy (HIKE) photoelectron experimental setup is designed for HAXPES 

experiments, optimized for electron kinetic energies of 2 – 10 keV.[213] This setup was used to 

collect the HAXPES measurements presented in Chapter 6. A schematic diagram of the HIKE 

endstation is presented in Figure 3.6. This experimental setup has three sections: (1) The load 

lock is necessary for mounting the samples. It can store up to 6 samples. The pressure inside the 

load lock section is down to 10-6 mbar. (2) The preparation chamber allows for heating the 

samples up to 800 oC and is also equipped with a diamond scraper. (3) The analysis chamber 

includes the solid sample holder, a hemispherical electron analyzer (Scienta R4000), and a 

photon detector. The analyzer is fixed at an angle of 90o with the X-ray beam and used for 

photoemission experiments, while the photon detector is used for performing the absorption 

(NEXAFS/EXAFS) measurements. The sample holder is mounted on a motorized 5-axis VG 

Scienta-manipulator, which adjusts the sample’s position with respect to the electron analyzer 

and X-ray beam. The pressure inside the analysis chamber and near the hemispherical electron 

analyzer reaches 10-9 mbar. The analysis chamber is separated from the load lock by a gate valve, 

which is necessary to preserve the pressure in the analysis chamber.  

The load-lock and the analysis chamber are mounted on a motorized chamber stand to allow 

http://henke.lbl.gov/optical_constants/filter2.html
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further alignment of the analyzer with the sample and the X-ray beam. This alignment can be 

translational in x, y, and z-direction and rotational through tilting (𝑠𝑠) or rolling (𝜃𝜃) the frame, 

as indicated in Figure 3.6. Further adjustment is possible using a hand-crank. 

 

 
Figure 3.6. A schematic view of the HIKE experimental station. 

 The zoom-in on the right side shows the manipulation of the sample inside the analysis chamber (at the 

rose square). The figure is adapted from [213], with permission from Elsevier. 

 

As pointed out, the photoionization cross-section of the photoelectrons decreases with increasing 

the X-photon kinetic energies. This problem is mitigated by performing the HAXPES 

experiment using hard X-rays of synchrotron storage rings. Hence, the HIKE endstation is 

mounted at the KMC-1 beamline at BESSY II, Berlin, Germany. More details about the 

specification of the KMC-1, which makes it well-matched with the HIKE setup, will be 

mentioned in the following section 3.2.3. 
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 Synchrotron Facility - BESSY II Storage Ring 

Synchrotron radiation is electromagnetic radiation that propagates nearly at the speed of light 

(0.99C) in a closed circular path. This radiation is produced along the tangential trajectory of 

the charged particles when deflected by strong magnetic fields. The BESSY II “Berliner 

Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung” is one of the advanced research 

facilities established for producing the synchrotron radiations at the Helmholtz-Zentrum Berlin 

(HZB), Germany. All the spectroscopic experiments reported in this thesis were performed at 

BESSY II. In 2014, BESSY II operated the 3rd generation synchrotron light facility, at which 

electrons are accelerated at an energy of 1.7 GeV before injection into the storage ring.[214] One 

of the best characteristics of synchrotron radiations is its high brilliance. Brilliance is defined as 

“the number of photons emitted per second per unit source area, and per solid angle of the 

radiation cone.”[151] BESSY II provides an ultra-bright photon beam ranging from long-

wavelength Terahertz region to hard X-ray, with full control of the radiation polarization of the 

radiation.[214]  With BESSY II capabilities, various researches like medical, energy material, 

biological researches, and industrial applications can be conducted.[214-216]  

 

 

 
Figure 3.7. A schematic layout of the BESSY II synchrotron facility. 

 The storage ring has several linear connections of bending magnets and insertion devices, viz. 

undulators and wigglers. Taken from [217]. The inset on the right-hand side is a zoom-in of a side view 

for a periodic arrangement of undulator magnets needed to accelerate and produce the synchrotron 

radiation. The figure is taken from [218]. 
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Figure 3.7 shows a schematic diagram of the electron trajectory at BESSY II. Electrons at its 

core are emitted by an electron gun (hot cathode) and accelerated by the anode voltage up to 100 

keV. Before shooting into the so-called ‘booster synchrotron’ of 96 m circumference, they are 

further accelerated over the microtron orbit to 50 MeV with the help of a high-frequency linear 

accelerator. In the booster synchrotron, 16 dipole magnets produce a large magnetic field, which 

subsequently increases the electron energy to reach 1.7 GeV.[214] These high energy electrons – 

packed in bunches – are then injected into a larger storage ring of 240 m circumference. In the 

storage ring, electrons pass through bending magnets and insertion devices (IDs), viz. undulators 

and wigglers, at which they are decelerated upon deflection losing energy, known as 

“Bremsstrahlung radiation.” Thanks to the high-frequency resonators implemented over the 

storage ring path for compensating the energy loss due to the Bremsstrahlung process. Bending 

magnets produce a fan of radiation round the arced section with lower brilliance than that 

provided by IDs.[151] As shown schematically in the inset of Figure 3.7, an undulator consists of 

a periodic arrangement of closely spaced magnets of alternating polarity. The alternating 

magnetic field of the undulator will change the electron trajectory to a confined circular path 

until light in the form of narrow cones tangential to the storage ring is produced. Wigglers are 

analogous to undulators but with stronger magnetic fields giving rise to a broader radiation cone 

with higher brilliance.[151] Bremsstrahlung radiation passes in a straight line, commonly known 

as “beamline,” tangential to the storage ring, as shown in Figure 3.7. The beamline comprises 

an insertion device, a monochromator, focusing optics, and ending up with an experimental 

endstation. Experiments at more than 50 beamlines of the BESSY II can be operated 

independently in the top-up mode [219] at a constant ring current close to 300 mA. 

This thesis contains experiments performed at two plane grating monochromators (PGM) soft 

X-ray beamlines (U41/PGM and U49/PGM1) and hard X-ray beamline (KMC-1). The U41 and 

U49 beamlines provide the required microfocus beam size with tunable X-rays, accordant with 

the absorption and resonant inelastic X-ray studies on manganese oxide presented in this work. 

Moreover, the high energy beam offered by the KMC-1 beamline is essential for conducting 

HAXPES studies needed to investigate the interface of the MnOx/TaON system. Details of 

experiments are reported in Chapter 4, Chapter 5, and Chapter 6. 

 

 

The undulator U41 beamline is mounted in a low beta section of the BESSY II storage ring 

orbit, which delivers a soft X-ray beam at a low current of 100 mA.[220] The microfocus beamline 

U41/PGM with the reduced photon flux meets the requirements needed to conduct the XAS 
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measurements presented in this thesis in Chapter 4.[72] The layout of the U41/PGM beamline is 

shown in Figure 3.8(a). Along the beamline, the linearly polarized X-ray photons received from 

the undulator are collimated by a gold-coated toroidal mirror (M1). Monochromatization of X-

ray is subsequently achieved using the combination of a plane grating monochromator (G) and 

a plane mirror (M2). Thanks to the 600 l/mm grating (G) for delivering a photon flux between 

1012 and 1013  photons/s over the 170 − 1500 𝑒𝑒𝑒𝑒 energy range, and for resolving the energy 

by varying the ‘fixfocus’ constant (Cff). The fixfocus constant Cff = 𝑐𝑐𝑐𝑐𝑠𝑠𝛽𝛽/𝑐𝑐𝑐𝑐𝑠𝑠𝛼𝛼 where 𝛼𝛼 and 𝛽𝛽 

are angle of incident and diffraction relative to the grating normal, respectively. [220] Based on 

the experimental requirements, the Cff value can be varied over a wide range with values less 

than 1 to get either a high energy resolution or a high photon flux (i.e., by increasing the Cff 

value, the energy resolution increases and the flux relatively decreases). 

 

 
Figure 3.8. Schematic top and side view of the optics along a) the U41/PGM and b) U49-2/PGM1 

beamlines of the BESSY II storage ring. taken from [221, 222]. 

 

The monochromatic, collimated light is then focused vertically by a cylindrical mirror (M3) 
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toward an exit slit with different sizes (20, 40, 100, 200, 500, 2000, and 3000 μm). By decreasing 

the exit slit size, the energy resolution enhances. For that, all the absorption spectra reported in 

Chapter 4 were measured using 20 𝜇𝜇𝜇𝜇 slit to obtain a maximum energy resolution. Another 

toroidal mirror (M4) is placed behind the exit slit to refocus the beam toward the experimental 

endstation. The U41/PGM has been upgraded and is currently dedicated to XPS/RIXS studies 

using the fixed ‘PEAXIS’ endstation. The technical parameters of the U41 beamline are 

summarized in Table 3.1. 

 

 

The undulator U49-2/PGM1 provides a linearly polarized soft X-beam with photon energies 

ranging between 85 and 1600 eV in the form of a microfocus beam with high flux.[222] Figure 

3.8(b) shows the schematic top and side view of the U49-2/PGM1 beamline displayed parallel 

to the optics of U41 for better comparison. The U49-2/PGM1 beamline optics looks analogous 

to the optics of the U41 beamline; however, minor and significant updates exist. For example, 

in the U49-2/PGM1 monochromator section, the plane mirror (M2) is located in front of the 

plane grating (G) and equipped with an additional 1200 lines/mm plane grating beside the 

600 lines/mm plane grating to achieve a better resolution. The high photon flux soft X-beam 

with a high energy resolution and microfocus spot meet the requirement needed to conduct the 

XAS/RIXS measurement for liquids in the flow cell, as reported in Chapter 5. The experimental 

endstation attached to this beamline is the LiXEdrom setup (vide supra in section 3.1.1). The 

technical parameters of the U49-2/PGM1 beamline are summarized in Table 3.1. 

 

 

The bending magnet KMC-1 beamline delivers hard X-rays, optimized in the energy range from 

2.003 to 12 keV, monochromatized using different sets of double crystals.[223] A top and side 

view of the KMC-1 beamline is shown in Figure 3.9. The beamline in the current version is 

installed with three sets of crystals, Si(111), Si(311), and Si(422), highly optimized at 2, 6, and 

8 keV photon energy to achieve high energy resolution.[213] The flux of the KMC-1 beamline 

(1011–1012  photons/s) concentrated in a focus size of 400 μm × 600 μm, together with the high 

energy accordant with the requirements needed to conduct experiments using the HIKE 

experimental endstation. HAXPES measurements in Chapter 6 were carried out at the KMC-1 

at two excitation energies, 2003 and 4000 eV, using Si(111) and Si(311) crystals, respectively. 

Table 3.1 summarizes all the technical parameters of the U41, U49-2, and KMC-1 beamlines of 

the BESSY II.
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Figure 3.9. Schematic top and side view of the bending magnet KMC−1  

double crystal monochromator beamline at the BESSY II synchrotron facility taken from [223]. 

 

 Sample Materials and Preparation  

 

 

Fluorine-doped tin dioxide (FTO) substrates (sheet resistance 115 Ω/m2, TEC-15, Pilkington) 

are cleaned by ultrasonication in an aqueous bath containing detergent. Subsequently, the FTO 

is rinsed several times with deionized water then sonicated again in ethanol to remove any 

detergent traces. This cleaning procedure was previously tested and published elsewhere in [75]. 

Quartz substrates (polished, Spectrosil 2000, Heraeus) are cleaned by ultrasonication for 15 

minutes in ethanol then rinsed several times with Millipore water. Then the substrates are dried 

in air at room temperature before sample electrodeposition or sputtering. 

 

 

Silicon nitride membranes (100 nm thickness, Silson Ltd., United Kingdom) are supported on 

silicon frames (10 × 10 × 0.38 mm3) with a window in the center of the frame with a dimension 

of 1.0 mm × 0.5 mm. Prior to use, Si3N4 membranes were first cleaned with isopropanol, then 

dried in the air, then sputter-coated with a 20 nm thick layer of Au in an in-house cleanroom. 

The time for Au sputtering was set to 11 s at 400 W with a flow rate of Argon gas at 17 sccm 
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(standard cubic centimeters per minute). After sputtering, the sputtered gold layer thickness was 

measured using Dektak 150 Surface Profiler at the Helmholtz Institute in Berlin. For better 

adhesion between Au and Si3N4 surface, a Chromium interlayer is included at the Au/Si3N4 

interface. Thus, Si3N4 membranes were also purchased with 3 nm Cr layer in between 20 nm Au 

and Si3N4 membranes. Both substrates are used in the study of Chapter 5 and produce identical 

spectroscopic results.  

 

 

 

According to the recipe in [225], the borate buffer solution was prepared in-house and used as a 

supporting electrolyte in the flow cell during XAS/RIXS measurements of Chapter 5. There are 

two essential parameters in the buffer preparation: the solution pH and concentration. To ensure 

that both parameters are at the desired values, the pH of the electrolyte was adjusted before 

reaching the final electrolyte volume. 

Preparation of borate buffer, 500 mL, 0.1 M, pH 9.2 
First, an accurate mass of high purity B(OH)3 pellets (Sigma-Aldrich, 99.99%) is weighed out 

into a vial or small beaker for convenience. For a 500 mL solution, 3.092 g of B(OH)3 (61.83 

g/mol) is dissolved first in approximately 300 mL of deionized water, with stirring. Heating is 

not be required and non-ideal as pH is dependent on temperature. Once the B(OH)3 is dissolved, 

the pH of the solution is measured with a glass pH electrode (pH meter). A pH value of 3-4 is 

expected. The solution is subsequently stirred with the pH electrode tip immersed and 

measuring. Then aqueous NaOH (~ 1 M, ~ 25 mL) is added carefully while monitoring the pH 

until the desired pH of 9.2 is reached. The addition of NaOH should be done by careful pouring 

in the initial stages and using a Pasteur pipette. After pH adjustment, more deionized water is 

added to the beaker to reach ~ 420 - 450 mL volume based on the volume guide on the beaker. 

This solution is then poured into a volumetric flask, 500 mL, and deionized water is further 

added until the final volume reaches 500 mL. After multiple inversions of the flask, the final pH 

of the solution is confirmed.  

 

 

The MnII solution buffered by borate [i.e., 0.5 mM Mn(CH3COO)2 in 0.1 M borate buffer (pH 

9.2)] is used in the electrodeposition of MnOx film on Au/Si3N4 membranes in the flow cell, 

which used in the study of Chapter 5. 
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Preparation of 0.5 mM manganese acetate in 0.1 M borate buffer  
First, prepare 1 mM concentration of MnII acetate [(Mn(OAc)2, molecular weight 173.03 g/mol] 

by adding, e.g., 30 mL of deionized water to 5.19 mg of Mn(OAc)2 on a magnetic stirrer for 

proper dissolution without heating. Second, equal masses of 1 𝜇𝜇𝑚𝑚 Mn acetate solution and 0.2 

M borate buffer (vide supra in section 3.3.2.1) are added together to give a final solution of 0.5 

mM manganese acetate in 0.1 M borate buffer. 

  

 RIXS Data Processing 

Data processing of the experimentally measured RIXS data should be executed before any 

analysis or interpretation. Data processing stages include image correction, background 

correction, and energy calibration. 

 

As pointed out in section 3.1.1, the grating in the spectrometer section of the LiXEdrom 

endstation has a spherical shape, which leads to the dispersion of the fluorescence photons 

hitting the detector in many vertical dimensions. As a result, the produced and measured RIXS 

image recorded by the CCD camera will be curved on the outer edges, as shown in Figure 

3.10(a). Curve correction is consequently applied. Figure 3.10(c) shows the RIXS image after 

applying curve correction. 

 
Figure 3.10. A 2D RIXS image collected by the CCD camera for a MnOx catalyst. 

 The image is a matrix of 1625 ×  1235 channels. (a) and (c) are images before and after applying 

curve correction (red). (b) and (d) shows their corresponding spectra, respectively. Each spectrum is 

collected after summing up intensities at every channel line. 
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RIXS spectrum can be obtained by summing up the intensities at every channel line of the 

detector (vertical column). The curved feature in the RIXS image of Figure 3.10(a) leads to a 

slight broadening of the peaks of the RIXS spectrum in Figure 3.10(b) compared to the spectrum 

after curve correction in Figure 3.10(d). 

Before obtaining an energy scale to these RIXS spectra, all the spectra should be corrected from 

the noise background by subtracting the non-linear baseline noise signal of the detector (so-

called “dark spectrum”) measured in the absence of X-ray irradiation. 

 

 

The RIX spectrum obtained after the curve correction (Figure 3.10(d)) is plotted versus the 

channel number. Figure 3.11(a) shows the background-corrected RIXS spectra plotted versus 

the channel number measured for MnII acetate (as a reference) at different excitation energies.  

 

 
Figure 3.11. RIXS spectra (a) plotted vs. Channels (before energy calibration), 

 (b) plotted vs. emitted photon energy (after energy calibration). The emitted energy at the elastic peak is 

equal to its corresponding excitation energy, as indicated by the dashed lines, (c) plotted as energy loss 

features. 

 

It can be shown that as the excitation energy increases, the elastic feature appears at higher 
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channel lines. The elastic feature in any RIXS spectrum refers to that the incident photon energy 

is equal to the emitted photon energy, and no energy is transferred to the system (i.e., 𝐸𝐸𝑖𝑖𝑖𝑖 =

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜). For that, the energy position of the elastic peak in the RIXS spectra can be used for energy 

calibration. For example, the elastic peaks for the RIXS reference spectra of MnII acetate at 

different excitation energies are used for calibration, as shown in Figure 3.11(a,b). This 

calibration method is applied for the RIXS data in section 5.3.3. To plot the RIXS spectra as 

energy loss features, the emitted photon energy scale is subtracted from the excitation energy 

(i.e., energy loss = ћ𝜔𝜔𝑘𝑘 − ћ𝜔𝜔𝑘𝑘′), as shown in Figure 3.11(c). 

 

 Theoretical calculation of HAXPES spectra 

In order to interpret the experimental data carried out using the HAXPES technique and generate 

useful insights about the chemical properties at the manganese oxide/tantalum oxynitride 

interface, additional theoretical calculations were needed. These calculations were done using 

the software, “simulation of Electron Spectra for Surface Analysis (SESSA)” provided by the 

“National Institute of Standards and Technology (NIST),” Gaithersburg, MD, USA. [226, 227] The 

SESSA software can provide a quantitative analysis of the photoemission spectra based on a 

database implemented in the software that contains all the physical parameters required. The 

crucial physical parameters provided by the database are the IMFP values for electron energies 

up to 20 keV, and the photoionization cross-sections which are significant resources, especially 

for HAXPES studies.[228] It is possible in SESSA to model the sample as a planar layer(s) or 

layered spheres (e.g., nanoparticles) with or without a degree of roughness.[227] A good 

agreement between the experimental and the simulated spectra can only be achieved upon 

implementing accurate experimental parameters. These parameters include the sample 

specification (composition, morphology, atomic density, and layer(s) thicknesses) and setup 

parameters.[227] The setup parameters include the X-ray source (energy and polarization) and the 

experimental geometry of the setup components, as identified in Figure 2.7, based on equation 

(2.14). The simulated spectra using the Monte Carlo algorithm can provide a good estimation 

for the peak intensities, peak energy, and the angular distribution of the emitted electrons.[226, 227]  

Numerical simulations of the HAXPES studies on the MnOx/TaON system were performed 

using SESSA software version 2.1.1 and shown in this thesis in Chapter 6. In this study, the 

MnOx is deposited on the top of the TaON photoanode. The HAXPES experimental results 

showed the presence of the Ta2O5 layer at the surface of TaON with an oxidized MnOx layer 

(i.e., MnO2 and Mn2O3) at the interface facing the Ta2O5 layer. Experimental results showed that 

by increasing the thickness of the deposited MnO on the top of Ta2O5/TaON, the Ta2O5 thickness 
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reduces, whereas the oxidized MnOx layers (MnO2 and Mn2O3) increases. SESSA simulation 

was thereby performed in order to quantify the thicknesses of the multilayers when the 

experimental and simulated peak intensities are well-matched. Then, the number of oxygen 

atoms in the reduced in Ta2O5 could be calculated and compared to that in the oxidized MnOx 

layers. The results could help to elucidate the chemical properties at the MnOx/TaON interface. 

The simulation results are reported in detail in section 6.5.
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 Introduction 

Manganese oxides catalysts have been widely studied and showed to be promising catalysts for 

water oxidation reaction.[27, 28, 39-43] As pointed out in the introduction chapter of this thesis, 

MnOx being a transition metal oxide composed of earth-abundant and innocuous elements, 

mimics the natural CaMn4O5 catalytic complex in PS II.[45, 68-71] Despite the great interest in 

MnOx as a water oxidation catalyst, their catalytic activity differs according to their structure, 

namely the oxidation number of Mnn+ in the oxide, affecting the crystalline phase, giving each 

its electronic properties. [56, 75, 229, 230] Studies have been conducted to understand the electronic 

structure of MnOx catalysts and how it affects the water oxidation mechanisms.[44, 231, 232] It was 

found that the MnOx catalytic performance is primarily affected by the Mn oxidation state and 

the Mn-to-O atomic arrangement.[56] Preparation methods under different conditions can 

significantly influence the formation of MnOx in various Mn-to-O ratios of particular 

morphology and structure, which in turn, would affect their catalytic activity. Several techniques 

have been used to deposit MnOx thin films, aiming at improving their catalytic performance.[74, 

75] Among several deposition methods, electrodeposition is an attractive method since it allows 

creating films in a controllable fashion.[233-236] Despite its promise, it remains very challenging 

to develop efficient MnOx catalysts because of the formation of a broad range of disordered 

mixed Mn oxides with various Mn oxidation states formed from the soluble ions during 

electrodeposition, leaving the oxide structure susceptible to changes in temperature and pH. [74, 

75, 98, 237, 238] These factors affect the water oxidation catalytic functionality of MnOx, rendering it 

even more complicated to study and understand.[44, 56, 237, 238] A Pourbaix diagram provides a 

guide to indicate the most thermodynamically stable MnOx species as a function of pH and 

potential; however, as a drawback of this method, it takes into consideration neither the kinetic 

barriers nor the potential importance of structural disorder. Also, studying and quantifying the 

prevalent Mn oxidation state, as a particular structural motif within a largely amorphous film, 

can be very challenging and remains a target for further investigation. 

Soft X-ray absorption spectroscopy (XAS) is sensitive to differences in redox states and 

electronic structure. Thereby, it is employed in this study to determine the structural motifs 

formed by the electrodeposition of MnOx films from ionic liquid under systematically varied pH 

conditions. The ionic liquid (IL) is a salt solution composed of only anions and cations. The 

electrolyte used in electrodeposition is a mixture of ionic liquid (90%) and water (10%). 

Electrodeposition from IL is promising since it allows deposition at high temperatures, 

exceeding the boiling point of water, allowing atom diffusion on the surface during the growth, 

which can positively influence the quality of the films.[75, 239] 
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The MnOx films in this study were synthesized by electrodeposition onto a fluorine-doped tin 

oxide (F:SnO2; FTO) substrate from an IL electrolyte composed of Mn—precursor (MnII 

acetate), ethylammonium nitrate (EtNH3NO3), and deionized water at 120°C. The pH of the 

electrolyte was varied during electrodeposition by adding either nitric acid or ethylamine for 

acidic or alkaline MnOx films, respectively. This preparation approach is described in a 

previously conducted study.[75] Therein, the morphology and chemical composition of the 

electrodeposited samples were characterized utilizing voltammetry, X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX). The dominant 

structural motif within the films was estimated by comparing the Mn K-edge X-ray absorption 

spectra of samples with fingerprints of reference spectra (X-ray absorption near-edge structure 

and extended X-ray absorption fine structure). By this means, it could be determined that 

electrodeposition under different pH conditions significantly influences the film morphology, 

the formation of MnOx phases, and the catalytic activity towards OER. In particular, the previous 

hard XAS results at the Mn K-edge could be interpreted in terms of the presence of multiple 

MnOx structural phases within the electrodeposited samples.[75] However, the exact subtle 

varieties in the MnOx films and the mixtures of different structural motifs could not be fully 

examined. Also, the surface compositional analysis of the studied samples was limited, despite 

their importance for catalysis. Thus, the underlying reason for the surface-area-normalized 

catalytic differences between the samples remained unclear. 

Herein, we employed soft XAS to identify the compositional changes in MnOx films 

electrodeposited at different pH to better understand their effect on the catalytic activity of every 

particular pH-deposited film. The XA spectra were measured in the surface-sensitive total 

electron yield (TEY) method, which allows identifying the MnOx structural motifs within the 

samples and gives a more detailed picture of the sample composition and structure. We measured 

the Mn L2,3-edge to uncover changes in the 3d valence electronic structure. Compared to hard 

X-rays, which address the deep Mn K-edge, Mn L-edge spectroscopy is much more sensitive to 

the 3d valence electronic structure, which plays a vital part in the catalytic activity. It provides 

distinct and unique spectral features for different oxidation states and, to some extent, can 

identify changes in the chemical environment.[240] Additional O K-edge XAS analysis provides 

complementary information about the samples.  

 

 Experimental Section 

 

MnOx thin films were electrochemically deposited on the FTO glass substrate using a 
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conventional three-electrode electrochemical cell. Prior to electrodeposition, the FTO was 

cleaned, as described in section 3.3.1.1, and used as a working electrode. Titanium (Ti) foil was 

used as a counter electrode, whereas a Ti wire as a pseudo-reference electrode. The Ti electrodes 

provide reproducible and relatively stable potential at the high temperature of 120 °C needed for 

the MnOx electrodeposition. The MnOx samples are divided into three groups: acidic ‘A’, neutral 

‘E0’, and basic ‘B’, according to the pH of the electrolyte used in electrodepositing the samples. 

The neutral ‘E0’ sample was electrodeposited directly from the precursor electrolyte containing 

90% ethylammonium nitrate (EAN), 10% water, and 10 mM MnII acetate [Mn(CH3COO)2]. The 

acidic ‘A’ and basic ‘B’ samples were electrodeposited from the same precursor but with 

different pH by adding different amounts of nitric acid and ethylamine, respectively. The 

concentration of acid and base added to the E0 electrolyte are tabulated in Table A.1 in Appendix 

A. For highly concentrated ILs, the concentration of acid and base is more reliable than the pH 

values measured by the pH meter. The oxidative electrochemical deposition for all the catalysts 

was performed at 120 °C at a constant current density of 200 μA.cm-2 for 10 min. Seven samples 

in total were electrodeposited from electrolytes at different pH, A3, A2, A1, E0, B1, B2, and 

B3, ordered from the samples prepared under highly acidic ‘A3’ to – neutral ‘E0’ – to highly 

basic ‘B3’ conditions. After electrodeposition, the films were rinsed with deionized water, then 

purged with nitrogen gas. A more detailed description of the sample preparation, along with 

catalytic testing for water oxidation, has been published.[75]  

 

 

The X-ray absorption spectroscopic measurements were recorded at room temperature using the 

LiXEdrom experimental endstation mounted at the U41-PGM beamline of the BESSY II 

synchrotron facility in Berlin, Germany.[208] Details on the LiXEdrom setup and the U41-PGM 

beamline are described in sections 3.1.1 & 3.2. respectively After electrodepositing the MnOx 

catalysts on FTO anodes, the samples were mounted on a solid sample holder via adhesive Cu 

tapes then inserted in the main chamber (10-6 mbar) of the LiXEdrom setup for spectroscopic 

investigation. To assure the reproducibility of the collected XA spectra and to test for sample 

homogeneity, spectra were measured at various spots several times on the same sample. The 

reported spectra are an average of those damage-free spectra taken at the same/various positions. 

This was also a way to improve the signal-to-noise ratio of the spectra. 

All the spectra of the investigated samples were collected within the same beamtime, except for 

sample B1 measured later at beamline U49-2/PGM1 with a comparable setting (i.e., similar 

resolution and photon flux). The energy range of the XA spectrum of sample B1 was corrected 
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according to a reference MnOx sample, which was measured at the two beamlines. Nonetheless, 

an instrumental energy shift of 0.1 eV was required to correct for the spectrum of the B1 sample. 

All the XA spectra were calibrated and normalized to the L2 edge intensity to compare changes 

of the spectral features. 

 

 

Under the intense flux of X-rays, samples are susceptible to undergo photo-reduction.[241] 

Manganese oxides are particularly susceptible to reduction by high flux X-ray illumination.[241, 

242] At a glance, one can think that sample damage would be prevented below a particular photon 

flux. However, fluxes acquiring photoreduction can differ from one sample to another. Hence, 

the best way to avoid radiation damage is to precisely perform a systematic radiation damage 

study to adjust the best experimental settings that would keep the sample intact. In this study, 

XA spectra were measured at several sample spots for different photon flux densities. For all the 

manganese oxide samples, increasing the synchrotron beam flux acquires changes in the relative 

intensity of spectral features, indicating that all samples are susceptible to beam damage. 

Radiation damages were severe in the case of MnO2, as well as for samples A1-A3. In order to 

test the impact of radiation damage, all XA spectra were collected at least twice at the same spot 

then compared to those collected of fresh spots under lower photons flux. Figure A.1 shows XA 

spectra measured at a fresh spot with a subsequent measurement with lower flux. This was done 

for each sample at different photon fluxes.  

To reduce the photon flux, the spectroscopic measurements were conducted in the low-alpha 

mode of BESSY II, where the ring current is low (< 100 mA injection current). Additionally, 

the opening of the primary beamline aperture located directly after the insertion device was 

stepwise decreased from the conventional values of 2.4 mm × 2.4 mm down to the least possible 

values that allowed to collect the XA spectra. The photon flux was further reduced by changing 

the beamline order of diffraction from 1st
 to 4th

 order. Figure A.2 shows XA spectra collected at 

the same spot on MnO2 and Mn2O3 samples with increasing the photon flux by increasing the 

aperture size to identify the best beamline settings for measuring damage-free spectra. 

 

 

The XA spectra at the Mn L2,3-edge and O K-edge for a set of well-characterized MnOx 

references (MnII resembling the spectra of MnO, Mn3O4, Mn2O3, and birnessite)[56] were 

collected using the same experimental settings as for the investigated samples. The MnO2 
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reference spectrum was measured later at the beamline UE56-2 PGM-2 with settings that were 

chosen to resemble the resolution of the previously collected reference spectra, and the energy 

scale was corrected accordingly. 

The manganese oxides references, Mn3
II/IIIO4, Mn2

IIIO3, and MnIVO2, were commercially bought 

from Sigma-Aldrich and measured as received in the form of powder on double-sided adhesive 

Cu tapes attached to the sample holder. MnIIO is very unstable and quickly oxidize in air and 

could not directly be measured as a reference sample. Therefore, Mn (ClO4)2•6H2O (Sigma-

Aldrich, 99%) was dissolved in acetonitrile and doped into a Nafion film (i.e., polymer matrix). 

This method was previously proven to be a valid technique to obtain absorption spectra that 

resemble the Mn L2,3-edge spectrum of crystalline MnO.[56, 113, 240] As a drawback, the additional 

O sites present in the Nafion membrane would distort any O K-edge spectrum. Therefore, the O 

K-edge spectrum for MnO-like reference was not incorporated in the fitting process to avoid 

any distraction. 

The K+ birnessite reference material was synthesized according to [243] by high-temperature 

decomposition of potassium permanganate (KMnO4) at 800 °C for 12 h, followed by a filtration 

process to remove any residual unreacted KMnO4. As previously established,[243, 244] this yielded 

a highly ordered K+ birnessite as characterized by X-ray diffraction. Due to its relatively 

complex structure and non-unique average oxidation state[245, 246], birnessite prepared differently 

is expected to show deviations in spectral shape. 

The Mn L2,3-edge and the O K-edge XA spectra for all MnOx reference samples were measured 

in the energy range (636 - 661 eV) and (525 - 550 eV) as displayed in Figure 4.1(b) and Figure 

4.3(b), respectively. More details are found in Appendix A. All reference XA spectra resemble 

existing data in the literature.[240, 247] 

 

 Experimental Results and Discussion 

 

A series of MnOx catalysts electrodeposited on FTO under different pH conditions, ranging from 

acidic to alkaline, have been investigated intensively with soft X-ray absorption spectroscopy to 

elucidate the electronic and compositional phase structure of the catalysts. The investigated 

samples are nominally indicated as A3, A2, A1, E0, B1, B2, and B3 in order of increasing pH. 

Upon normalizing the catalytic activity to all the samples, it was shown that the sample prepared 

under neutral condition (E0) was reported to be the optimal catalyst over other catalyst samples 

deposited under slightly acidic and basic conditions (A1 and B1, respectively). Although lower 
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than the aforementioned samples, the catalytic activity for samples prepared under acidic 

conditions was higher than those prepared under alkaline conditions.[75]  

In order to understand the deviation in the catalytic activity for these pH-deposited MnOx films, 

the samples were investigated in an element-selective fashion, setting the incoming X-ray 

photons energy to the Mn L2,3-edge (635 - 663 eV) then recording the drain current emitted from 

the sample (i.e., surface TEY mode). The XA spectra of the investigated samples in the top panel 

of Figure 4.1 show two multiplet structures that arise from core electron transitions to 

unoccupied valence states induced by the incident soft X-rays. The first multiplet structure from 

639-648 eV originates from Mn 2p3/2  3d transitions (L3-edge), while the second absorption 

structure in the energy range between 650 eV and 658 eV are attributed to the Mn 2p1/2  3d 

transition (L2-edge). The XA spectra in Figure 4.1(a) are separated, according to the pH 

conditions, into three sets: basic (group ‘B’, top), neutral (‘E0’, middle), and acidic (group ‘A’, 

bottom); though all these spectra are also overlaid in Figure 4.2 for a better comparison of the 

changes happening in the absorption features. Figure 4.1(b) shows the XA spectra for the MnOx 

references of a well-defined structure to facilitate the comparison with the XA spectra of the 

investigated samples in the top panel.  

XAS, being sensitive to the local electronic structure of the Mn oxides, is less influenced by 

sample morphology. Thus, although the morphology of the samples within groups ‘A’ and ‘B’ 

was shown to be quite diverse[75], their respective XA spectral shape is quite similar, indicating 

similar MnOx composition in each group.  

Although the spectral shape of samples of group ‘A’ and group ‘B’ is quite similar, some distinct 

differences can be noticed. On the one hand, the L3 main peak of group ‘B’ exhibits a broad 

feature over the energy range 639-649 eV with several high- and low- energetic shoulders, while 

the L2 main peak is shown to have a separated shoulder over the lower energy side. On the other 

hand, the spectra of group ‘A’ are shown to be double-peaked at the L3-edge, with the L2-edge 

exhibiting no distinguishable low-energy shoulder. Compared to the samples of group ‘A’ and 

‘B’, sample E0 appears to have an intermediate structure. Besides the changes in the spectral 

shape, there are shifts in the energetic positions of the most pronounced features of the three 

groups, marked by red dashed lines in Figure 4.1(a). The main peak energy at the L3-edge shifts 

from approximately 641.8 eV (group ‘B’), over 642.2 eV (E0) to 643.3 eV (group ‘A’) while 

the L2-edge peak shifts from approximately 652.7 eV, over 652.9 eV, to 653.4 eV. When 

comparing this energy shift to the energetic position of the main spectral features of the MnOx 

references in Figure 4.1(b), a change in the ratio of the coexisting phases within the investigated 

pH-deposited MnOx samples is revealed. Typically, for Mn in a higher oxidation state, the L2,3 

main features occur at higher excitation energies, as seen in Figure 4.1(b). Therefore, it can be 
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concluded that the overall average oxidation state of Mn in the MnOx films increases with 

increasing the acidity of the electrolyte used in electrodeposition. This is further confirmed by 

the disappearance of the clear shoulder at the L2-edge for the group ‘A’ samples. 

 

 
Figure 4.1. Mn L2,3-edge TEY-XA spectra arising from 2p  3d transition, measured  

for a) the MnOx samples electrodeposited under basic (‘B’, top), neutral (‘E0’, middle), and acidic (‘A’, 

bottom) conditions, and b) the MnOx references of well-defined structures, which are added to facilitate 

assigning features to specific MnOx phases at the dashed lines and the colored arrows as referred to in 

the text.  

 

The absence of the clearly separated shoulder at the L2-edge indicates the presence of a high Mn 

oxidation state resembling the spectrum of MnO2 in the 4+ state. According to the literature in 
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[240, 247], and the measured XA spectra of MnOx references, a low energy shoulder at the Mn L2-

edge position (yellow arrow in Figure 4.1) is manifested for MnOx reference samples with a high 

amount of MnIII (i.e., Mn2O3 or Mn3O4) while being absent in MnOx samples with a high amount 

of MnIV (i.e., birnessite and MnO2). This reveals that the group ‘A’ samples contain a high 

proportion of MnIV, while group ‘B’ samples contain more MnIII. 

Interestingly, the shoulder appearing at the lowest excitation energy at 640.2 eV has its lowest 

intensity for sample ‘E0’, as clearly seen at the blue arrow in the inset of Figure 4.2, where the 

spectra are plotted on the same axis and normalized to the same L2-edge intensity. The energetic 

position of that feature coincides with the main peak position of the MnOx references with a 

considerable amount of MnII phase (MnO and Mn3O4), as indicated in the lower panel of Figure 

4.1. This indicates that sample E0 has the least amount of this oxidation state. A detailed 

discussion untangling the contributions of Mn phases in every sample using a quantitative 

analysis will be given later in section 4.4. 

The previous study revealed that the samples A1, B1, and E0 are the most active catalysts among 

other samples.[75] This result is obtained after normalizing the catalytic activity to the 

electroactive area, where the influences of the sample morphology play a minimal role in 

comparisons of activity for OER catalysis. Interestingly, the XA spectra of samples A1 and B1 

are compatible with samples in their respective groups rather than being similar to each other. 

Thus, the origin of the catalytic enhancement should arise from the differences in the electronic 

structure of the samples within the same group. For that, the absorption spectra must be 

examined more closely to reveal variations in the sample composition. Indeed, the A1 and B1 

catalysts show weak but distinctive spectral differences compared to the other two catalysts in 

their respective groups. These differences appear mostly at the L3-edge, at ~641.6 eV (red arrow 

in Figure 4.1 & Figure 4.2). At this energy, the spectrum of sample B1 reveals a lower absorption 

compared to the spectra of sample B2 and B3. While sample A1 showed a higher absorption in 

this energy region than the other two samples of the same group. Comparable changes occur at 

the L2-edge. These subtle but continuous spectral changes reflect a continuous change in the 

formed MnOx phases. Moreover, this implies that the enhancement of the catalytic activity for 

samples A1, E0, and B1 is not due to the existence of a specific MnOx phase but an interplay of 

mixed phases in the MnOx film. In addition to the spectral change at 641.6 eV, the spectrum of 

sample ‘B1’ reveals a slight increase in the high energy shoulder at approximately 643.0 eV that 

does not occur in the spectra of group ‘A’, indicating that the samples of group ‘B’ contain a 

different set of MnOx phases than the samples of group ‘A’ (vide infra). 
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Figure 4.2. Comparison of Mn L2,3-edge X-ray absorption spectra for the MnOx samples  

electrodeposited under acidic (A1 and A2), neutral (E0), and basic (B1 and B2) conditions. All spectra 

are plotted on the same axis to facilitate comparison and emphasize the differences. The dashed 

rectangle highlights the main spectral differences at the Mn L3-edge and is further enlarged as an inset to 

identify better the unique features. The dashed lines and the arrows indicate changes in the features, as 

referred to in the text. 

 

 

The XA spectra at the oxygen K-edge were investigated in order to get a more comprehensive 

picture of the changes in the MnOx electronic structure. The O K-edge spectra for all samples 

are shown in Figure 4.3 in the energy range of 525-550 eV. Two regions can be separated when 

interpreting the O K-edge spectra in terms of electronic contributions: The first is the pre-edge 

region from approximately 528 to 534 eV of well-defined peaks, originating from the electron 

transition from 1s state to the hybridized state of O 2p and Mn 3d orbitals.[152, 248] 

This pre-edge region is attributed to an interaction between O with the metal atom. It can provide 

complementary information about the Mn oxidation state, ligand field, and ligand-metal bond 

covalency.[248] The main absorption edge above ~535 eV, comprising broad and less defined 

structures, is attributed to the transition to the hybridized orbitals of O 2p with Mn 4s and 4p 

states.[152-154] 
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Figure 4.3. Oxygen K-edge TEY-XA spectra measured for a) MnOx samples 
 electrodeposited from basic (‘B’, top spectra), neutral (‘E0’, middle spectrum), and acidic (‘A’, bottom 

spectra) electrolytes. b) MnOx references (Mn3O4, Mn2O3, K+ Birnessite, and MnO2). By going 

downwards, the pH of the electrolyte during electrodeposition gradually decreases. The background 

shading shows the spectral regions assigned to electronic transitions, as indicated in the text. 
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By interpreting the spectra in Figure 4.3(a), the energetic shift of the pre-edge main feature 

(black dashed line at ‘x’) to lower energies indicates an increase of the Mn average oxidation 

state, ligand field, and bonding.[240, 248] A further indication of the MnOx phase changes can be 

noticed from the ratio of the first two peaks (peak ‘x’ and ‘y’ in Figure 4.3). According to the 

literature[240] and the XA spectra of the MnOx references in Figure 4.3(b), a clear dominance of 

peak ‘x’ compared to peak ‘y’ can be seen for birnessite and MnO2, containing MnIV. 

Furthermore, the 3d pre-peak intensity (i.e., area under the peak in the yellow highlighted range 

minus the background) increases when the valence increases from +2+3+4.[249] Increasing 

the oxidation state means more O character in the metal 3d band, which would appear as a higher 

intensity in the O pre-peak. The 4sp broad peak (above 535 eV) will also gain some intensity 

with an increasing oxidation state; however, it would be less pronounced compared to the 3d 

pre-peak because the 4s and 4p orbitals are mostly delocalized orbitals with less overlap than 

the 3d orbitals.[249] 

By comparing the XA spectra of the investigated samples with the MnOx references in Figure 

4.3(a and b), on the one hand, the spectra for the samples prepared from acidic electrolyte ‘A’ 

show the highest area under the peaks at x and y positions, which indicates the presence of MnIV 

in these samples. While on the other hand, samples B2 and B3 exhibit a 1:1 ratio with a lower 

peak area. Furthermore, peak ‘y’ split into two separate features (y1 and y2 in Figure 4.3) 

resembling the O K-edge spectra of Mn2O3 and Mn3O4, comprising MnIII, which indicates that 

samples B2 and B3 have a considerable amount of MnIII. The samples of B1 and E0 have an 

intermediate ratio of the features at ‘x’ and ‘y’ and a broadening of peak ‘y’ indicating an 

intermediate oxidation state between the acidic or more basic samples. These findings agree well 

with the spectra at the Mn L2,3-edge (vide supra), indicating that the MnOx films electrodeposited 

from electrolytes of low pH value (high proton activity) favor the formation of MnOx in a higher 

oxidation state. 

The second region of the O K-edge spectra (i.e., above ~535 eV) also reveals an apparent change 

between the acidic ‘A’ and basic ‘B’ groups. The energetic position of peak ‘z’ for the samples 

of group ‘B’ is shifted about 1 eV to lower energy compared to the samples of group ‘A’, 

reflecting a higher localization of the underlying electronic transitions to the hybridized O 

2p−Mn 4sp states. Interestingly, this shift already sets in for sample E0 that – together with 

sample B1 – more closely resembles the pre-edge region of the spectra of the group ‘A’. 

Moreover, peak ‘z’ appears much broader for these two samples compared to the other samples. 

This broadening is caused by changes in electronic structure, which is sensitive to the Mn—O 

bond length.[240] These findings suggest changes of Mn—O bond lengths in the catalyst, which 

may be explained by a stronger mixing of different MnOx phases and a higher rate of crystalline 
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distortion in samples B1 and E0. 

In the conclusion of this part, the analysis of the Mn L2,3-edge and the O K-edge absorption 

spectra show that the sample with the highest catalytic activity deposited from the neutral 

electrolyte, namely, sample E0, exhibits evident characteristics of both MnIII and MnIV along 

with low content of MnII. However, the pure analysis of the Mn oxidation state cannot explain 

by itself the origin of the high catalytic activity of samples A1 and B1, which is still less than 

that of sample E0. Therefore, it is necessary to quantify the concentration of a particular phase 

in each sample. This is done by employing a linear combination fitting method of the XA spectra 

of the investigated pH-electrodeposited MnOx samples as a superposition of the XA spectra of 

reference MnOx samples with a well-known structure (vide infra).  

 

 

 Fitting Algorithm of XA spectra 

 

The Mn L2,3-edge XA spectrum has distinctive and unique features for each Mn oxide phase. 

Therefore, the linear combination fitting (LCF) procedure can be employed to provide 

quantitative analysis for the amount of different MnOx phases present in every catalyst.[113] The 

LCF method is the most applicable fitting method, especially in the case of mixed oxidation 

states and multiple phases, where it allows for a linear combination of the reference spectra that 

strongly resemble the spectra of the investigated samples.[250] Thus, it can track the amount and 

composition of MnOx phases within the pH-deposited MnOx catalysts, which can be the leading 

cause of the differences in the catalytic activity of the films. The fitting procedure utilizes XA 

spectra of MnOx references of well-characterized MnOx structure, nominally MnII resembling 

the spectrum of MnO, Mn3O4, Mn2O3, birnessite, and MnO2 (Figure A.3 and Figure A.4), which 

are measured with the same settings as the XA spectra of the pH-deposited MnOx samples.  

Prior to the fitting procedure, three steps regarding the spectra should be done. First, all the Mn 

XA spectra were normalized to the off-resonant background to enable a direct comparison and 

ensure that a fluctuation in the signal strength does not influence the spectra, i.e., by photon flux 

variations between measurements. Secondly, the XA spectra were corrected by linear 

background subtraction to emphasize the resonant spectral features. Thirdly, data interpolation 

for the spectra was needed to eliminate experimentally caused small deviations in the energetic 

position of the individual data points, i.e., to unify the energy range/step for all the spectra.  

The Mn L2,3-edge spectra of the investigated samples in Figure 4.1(a) were then fitted by linear 
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combinations of the Mn L2,3-edge MnOx reference spectra in Figure 4.1(b) using the following 

function: 

Fitted spectrum = 𝜶𝜶 X  sp(MnO) + 𝜷𝜷 X  sp(Mn2O3) + 𝜸𝜸 X  sp(Mn3O4) + 𝜹𝜹 X  sp(MnO2)  

    + 𝜺𝜺 X   sp(birnessite) 

Where the sp(MnO) to sp(birnessite) denotes the XA spectra of the MnOx references from MnO 

to birnessite spectra, respectively, and the parameters 𝛼𝛼,𝛽𝛽, 𝛾𝛾, 𝛿𝛿, 𝜀𝜀 denote the fraction of the 

reference spectra needed to the fit every spectrum. These parameters were fitted in an iterative 

process using the Levenberg-Marquardt-algorithm and the Igor Pro software. The fitting 

procedure was performed several times, varying the starting parameters to obtain the best 

possible fit. The obtained fitting parameters are a measure for the relative contribution of the 

MnOx reference spectra, which reflect the amount of Mn existing in different chemical 

environments, i.e., in different phases. The fitting results for Mn L2,3- and O K-edges are reported 

in the following subsection. 

 

 

Figure 4.4 shows the superposition of the Mn L2,3-edge XA spectra of the MnOx references using 

the LCF method for the pH-deposited MnOx samples, whereas the quantitative contributions of 

MnOx species in each sample are presented in Figure 4.5 and Table A.2 in the Appendix. The 

fittings results indicate that the samples composed predominantly of mainly three MnOx 

structural motifs – Mn3O4, Mn2O3, and birnessite, while the contribution of MnIIO and MnIVO2 

is less than 10%. The samples electrodeposited from acidic electrolyte “group A” consist 

predominantly of a birnessite-like phase (δ-MnIII/IVO2) and Mn3
II/IIIO4, with percentages of 58-

62% and 31-33%, respectively, as shown in Figure 4.5 & Table A.2; while samples 

electrodeposited from basic electrolyte “group B” consist of a mixture of Mn2
IIIO3 with a low 

proportion of Mn3
II/IIIO4 (57-79% and 21-29%, respectively).  

The concentration of the birnessite-like structure gradually decreases with increasing the pH 

value of electrolytes during electrodeposition. At the same time, an abrupt increase in the amount 

of Mn2O3 was found for samples prepared at neutral and basic conditions. Apart from the highly 

acidic or highly basic samples, the samples electrodeposited (near-)neutral conditions, namely 

A1, E0, and B1, have a different composition compared to the other two samples of their 

respective groups. Moreover, the best catalytic active sample electrodeposited from the neutral 

electrolyte (i.e., E0) has the highest concentration of birnessite and Mn2O3, with only 4% Mn3O4. 
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Figure 4.4. Mn L2,3-edge TEY-XA spectra of the MnOx samples electrodeposited 

 from electrolytes at different pH (solid black lines) and their corresponding linear fittings as a 

superposition of the MnOx reference spectra (dotted blue lines). 
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Figure 4.5. Percentages of different MnOx phases found by a linear fitting procedure  

for the pH-deposited samples, from highly acidic ‘A3’ to neutral ‘E0’ to highly basic electrolytes. The 

measured and fitted spectra are displayed in Figure 4.4. The contribution of K+ Birnessite (light green), 

Mn2O3 (violet), and Mn3O4 (orange) are shown for each sample. The contribution of MnO2 (gray) and 

MnO (yellow) was found to be below 10% in all samples. The percentages are plotted with an error ±1 

standard deviation. However, total accuracy is estimated to be approximately ±5%. The numerical 

values are tabulated in Table A.2. 

 

To cross-check the reliability of the fitting parameters obtained from fitting the Mn L2,3-edge 

XA spectra, a linear superposition of O K-edge reference spectra (Figure A.4) was carried out 

using the parameters found for the Mn L2,3-edge spectra (Table A.2). Interestingly, the 

superimposed O K-edge XA spectra of the samples can be well reproduced (blue dotted lines in 

Figure 4.6) and matched the XA spectra of the pH-deposited MnOx samples (solid black lines 

in Figure 4.6). 

The parameters were then varied, aiming to find the best fit using the same fitting algorithm as 

for the Mn spectra but using the O K-edge reference spectra. The fitting results obtained for O 

K-edge spectra show a minimal deviation compared to that for Mn L2,3-edge. I.e., the standard 

deviation error is higher for the O K-edge fitting (around 5-10 %). This might be due to possible 

O contributions of adsorbed or intercalated water in the substrate that manifested in the spectra 

or due to less accuracy which arises from the low signal to noise ratio of the O K-edge reference 

spectra. To avoid this, only the pre-edge region from approximately 525 to 534 eV was used. 

The features in this region are well defined and arise predominantly from transitions to the 

hybridized state of O 2p and Mn 3d orbitals. Besides, it should be mentioned that it was not 
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possible to use a spectrum of MnO in the fitting of the O K-edge spectra as detailed in the MnOx 

references experimental section. This, however, is not suspected to affect the fitting results since 

the amount of MnO is negligible (~2-3 %) for all the samples, as revealed by the Mn L2,3-edge 

fitting; therefore, the omission of the MnO spectra in the O K-edge fitting procedure is not 

expected to affect the results significantly. Moreover, the close resemblance of the O K-edge 

XA spectra between MnO2 and birnessite-like structure hinders the accurate linear fitting to the 

O K-edge XA reference spectra.  

 

 
 

Figure 4.6. O K-edge TEY-XA spectra of the investigated samples (solid black lines),   
and the corresponding linear fittings as a superposition of the reference spectra measured at the O K-

edge using the fitting parameters resulted from fitting the Mn L2,3 edge - (dotted blue lines) and after 

further optimization with free fitting parameters (dotted red lines). 
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Further parameter optimization did not show a major enhancement in the fitting quality (red 

dotted lines in Figure 4.6), suggesting that the resulted parameters are consistent for Mn L2,3-

edge and O K-edge. The quantitative contributions based on further parameter optimization are 

represented in the histogram in Figure 4.7, and numerical values are tabulated in Table A.3.  

 

 
Figure 4.7. Percentages of MnOx species in the samples deposited at different pH,  

identified by the linear fitting procedure for O K-edge spectra after further optimization of the 

parameters used to fit the Mn L2,3-edge XA spectra. The contribution of K+ Birnessite (light green), 

Mn2O3 (violet), Mn3O4 (orange), and MnO2 (gray) are shown for each MnOx catalyst. Numerical values 

for the MnOx contributions are tabulated in Table A.3. 

 

Overall fitting findings show that the amount of Mn3
II/IIIO4 is nearly constant for the acidic ‘A’ 

and the basic ‘B’ samples, while almost no contribution was found in the ‘E0’ sample. The 

absence of Mn3O4 in the sample ‘E0’ may explain being the best catalytic active sample since 

Mn3O4 shows the least catalytic activity among the other MnOx phases for OER.[75, 251] 

Nonetheless, this cannot explain why samples A1 and B1 show higher catalytic activities among 

the other two samples in their respective groups, all of which contain a similar proportion of 

Mn3O4. The fitting approach herein demonstrates that both samples A1 and B1 have 

contributions from birnessite and Mn2O3, although in different proportions (30:1 and 1:4, 

respectively; Table A.2). Meanwhile, the best catalytic activity film E0 includes birnessite and 

Mn2O3 phases in a ratio of about 1:2.5.  

This finding is consistent with studies on the natural water-splitting process, where the interplay 

between these two Mn oxidation states (MnIII and MnIV) was identified to be the key to the 

function of the oxygen evolution center in photosystem II (see, e.g., Refs. [59, 252]). Previous 
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studies of other groups showed that MnIII represents a crucial intermediate state in the artificial 

water-splitting process.[40, 42-44, 68, 97] It is believed that the MnIII vacancies within the layer sheets 

of the birnessite structure lead to the elongation of Mn-O bonds as perceived by Jahn Teller 

distorted MnIIIO6 octahedra. [78, 112, 114, 115] A higher concentration of MnIII can lead to a larger 

degree of distortion in the local structure, which might favor catalytic activity by providing 

structural flexibility. [42, 113] However, the presence of a high concentration of a single MnIII oxide 

in the film does not lead by itself to high catalytic activity; otherwise, one would expect the 

highest catalytic activity for the samples B2 and B3 that consist of nearly 80% Mn2O3 while in 

fact, they have the least catalytic activity. However, our findings on the continuous change of 

the oxidation state suggest that besides the oxidation state of the Mn, the interplay between 

different Mn phases (Mn2O3 and birnessite) within the deposited catalyst also plays a crucial 

role in the efficiency of electro-synthesized MnOx catalysts. It should also be noted that this 

study is restricted to an ex situ analysis of the samples, i.e., without applying any potential, and 

further phase transition may occur when a potential is applied (see the in situ study later in 

Chapter 5). 

For amorphous MnOx, it is predicted that high catalytic activity toward OER is related to a 

variety of Mn—O bond lengths.[98] This is confirmed by the broad features in the region denoted 

‘z’ within the O K-edge spectra herein (Figure 4.3), which are sensitive to changes in the 

electronic structure correlated to the Mn—O bond lengths, especially for the E0 and B1 samples. 

It can be hypothesized that a greater number of structural distortions may occur as a result of 

local fluctuation in the pH of electrolyte during electrodeposition. It might either be caused by 

a local distortion of the birnessite structure or a structural reorganization at the phase boundaries. 

As shown, the XAS technique could provide vital information about the total contribution of 

MnOx phases present in the sample. However, it is not possible to state a definite correlation 

toward a catalytic activity while evaluating the MnOx species ratios within the sample series 

since other properties such as spatial phase distribution, adjacent phases, and grain size are 

believed to play a role. The determination of those parameters is beyond the capabilities of the 

specific experimental technique used herein. Such properties may affect the extent of structural 

disorder, which is also often essential for catalysis. The findings may still be tentatively linked 

to MnOx properties suggested as important for OER catalysis.  

 

 Conclusion 

Soft X-ray absorption spectroscopy has been employed to examine a series of MnOx films 

electrodeposited at 120 oC from MnII acetate in ionic liquid electrolytes with varying pH. The 
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films – ranging from highly acidic ‘A3’ to highly basic ‘B3’ (namely, A3, A2, A1, E0, B1, B2, 

B3) – showed previously different electrocatalytic activity toward water oxidation. The study 

herein focused on elucidating the compositional changes of different MnOx phases as a function 

of pH and correlation with the previously identified catalytic activity of the samples. The 

analysis of the absorption spectra at the Mn L2,3-edge and the O K-edge revealed the following: 

• a gradual increase of the mean Mn oxidation state with decreasing pH during the 

electrodeposition process. 

• All pH-deposited samples include three MnOx phases with different proportions: 

Mn3O4, Mn2O3, and Birnessite, while the contribution of MnO and MnO2 is less than 

10%. 

• The contribution of Mn3O4 is almost the same for the acidic and basic samples while 

being negligible for the highest catalytic active sample electrodeposited from the neutral 

electrolyte. 

• The samples with the least catalytic activity showed a dominant contribution of either a 

birnessite-like structure (for A2/A3 samples) or Mn2O3 (for B2/B3 samples). The next 

better catalytic activity was found for the samples A1 and B1 (deposited near-neutral 

conditions), composed of a mixture of the birnessite-like structure and Mn2
IIIO3 with 

one of the phases dominating.  

• Finally, the sample with the highest catalytic activity (E0), electrodeposited in neutral 

conditions, showed a composition of nearly equal amounts of the birnessite-like 

structure and MnIII
2O3. 

These results did not reveal an isolated single MnOx structural composition responsible for the 

optimally achieved catalytic activity. However, the interplay of birnessite and Mn2O3 structural 

motifs could drastically enhance the catalytic activity and not due to a single contribution of any 

of them. Other factors, such as structural disorder and Mn—O bond length distortions, may play 

a crucial role in the catalytic activity. This study revealed that the contribution of both phases is 

continuously tunable by a careful choice of the preparation conditions. Hence, these findings 

can be used for future studies on creating efficient catalysts solely based on MnOx in desired 

ratios of structural composition.
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Introduction 

Ex situ studies have been reported on MnOx water oxidation catalysts using both soft X-ray 

absorption spectroscopy, as shown in Chapter 4 (also in ref. [56, 72, 113]) and hard X-ray absorption 

spectroscopy (see scientific review in [147]). However, analyzing the catalyst after electrolysis 

does not give the exact structural changes like that under real reaction. For that, to develop an 

efficient water splitting electrocatalyst, a comprehensive understanding of the catalytic 

mechanism of water electrooxidation and transformations occurring in the catalytic material is 

indispensable. Thereby, in situ investigation has become inevitable to identify the actual MnOx 

active phase besides monitoring and tracking the structural changes during water oxidation 

reaction under real-time electrocatalytic conditions. Such investigations on Mn-based catalysts 

are limited.[73, 145, 253, 254] All the previous in situ investigation on manganese oxide has been 

performed utilizing “hard” XAS at Mn K-edge, which probe the transition of an electron from 

the deep-lying 1s to 4p states.[147] It has proven to be a potent tool to investigate the MnOx 

structure and identify the mean oxidation state. However, the pre-edge intensity, arising from 

the electron transition from 1s to empty 3d valence states, is very weak because it is dipole 

forbidden, which makes it difficult to probe the 3d electronic valence states, which are 

responsible for the redox reaction.[149] Thus, “soft” XAS measured at the Mn L2,3-edge and 

resonant inelastic X-ray scattering (RIXS) have spurred much interest as a promising technique 

to probe the unoccupied and occupied 3d valence states and is sensitive to the metal-ligand 

(Mn—O) sites. [159, 181-183] Besides, XAS at Mn L-edge can provide more detailed spectral 

features, which are not observed at the K-edge due to the ultra-short lifetime of 1s core-hole that 

is created in the absorption process.[255] Furthermore, Mn L-edge has a narrow natural line width 

of 0.32 eV compared to 1.12 eV for Mn K-edge, so the ratio of the edge shift for L-edge is higher 

(i.e., shifts are more pronounced), which makes it favorable to decipher mixtures of oxidation 

states.[247] Moreover, the energy-resolved distribution of the emitted photons in the RIXS process 

serves as a measure of different excitation processes that occur by valence electrons, like local 

d-d transition and charge transfer (CT) excitations[113], which are fundamental characteristics

closely related to the catalytic properties.

In this chapter, this fundamental knowledge is obtained in situ, for the first time, for the MnOx 

water oxidation catalysts over a wide range of applied positive potential from 0.75 to 2.25 V vs. 

reference hydrogen electrode (RHE), which help to define the state of the catalyst at different 

catalytic stages. Measurements at high potentials are necessary to uncover higher Mn oxidation 

states that might involve in catalytic water oxidation. 

While X-rays require high vacuum conditions, the MnOx catalyst has to be biased while being 
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in contact with the electrolyte during X-ray investigation. To conquer the challenging 

requirements needed for the in situ XAS/RIXS experiment, the LiXEdrom endstation installed 

at the BESSY-II synchrotron facility accommodates a custom-made electrochemical flow cell 

(Figure 5.1), in which a gold-coated silicon nitride (Au/Si3N4) membrane is placed. 

Figure 5.1. A real picture of the electrochemical flow cell used in the electrodeposition of MnOx  
films and for XAS/RIXS measurements. The cell is fitted with 3-electrodes at which the counter 

electrode (Pt wire) and the reference electrode (Ag|AgCl) are embedded in a small volume where the 

electrolyte flows interacting with the working electrode (MnOx on Au/Si3N4). The working electrode lay 

on two conductive contact Y-pieces for electrochemical analysis. 

The Au/Si3N4 membrane has two significant functions: (1) act as a substrate for the MnOx 

sample under investigation, (2) separates the liquid from the vacuum. Details about the 

LiXEdrom endstation and BESSY-II synchrotron facility are presented in sections 3.1.1 and 3.2. 

Technical details on the flow cell are reported in section 3.1.1.1. 

Experimental Section 

Mn(CH3COO)2, B(OH)3, NaOH, and HNO3 were purchased from Sigma-Aldrich and used 

without additional purification. In all sample preparations, high-purity deionized water (Milli-

Q; 18.2 MΩ.cm at 25°C) was used. Reference manganese oxide powders (MnO, Mn3O4, Mn2O3, 
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and MnO2) were obtained from Sigma-Aldrich, except for birnessite. Potassium-rich birnessite 

(K-birnessite) was synthesized according to [243] and donated by Dr. R. K. Hocking from 

Swinburne University of Technology, Australia. The MnII reference XA spectrum exhibiting the 

typical spectral features of undamaged MnO was taken from the previous study.[72] 

Si3N4 membrane (100 nm thickness) supported on silicon frames (10 × 10 × 0.38 mm3) with a 

window in the center of the frame with a dimension of 1.0 mm × 0.5 mm is used as a substrate 

in this study. As conductive substrates are needed for XAS/RIXS measurements, Si3N4 

membranes were sputter-coated prior to use with a 20 nm thick Au film, as described in section 

3.3.1.2. The Ag|AgCl|3.4 M KCl electrode, from Innovative Instruments Inc., is used as a 

reference electrode. 

 

 
Figure 5.2. Schematic drawing of the electrochemical flow cell used for the in situ  

absorption/emission experiments. The zoom in on the right side shows the electrochemical reaction 

happening at the MnOx catalyst screened by XAS/RIXS techniques. Incident X-rays (red wave) 

penetrate the Au/Si3N4 membrane and interact with the MnOx sample, then the emitted fluorescence 

(yellow waves) is collected by a spectrometer (spherical grating + photon detector). The bottom scheme 

is a bottom view of the flow cell. 
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The electrochemical flow cell (Figure 5.1 & Figure 5.2) used for all measurements is fitted with 

3-electrodes, viz. Pt wire was used as a counter electrode (CE), Ag|AgCl electrode was used as 

the reference electrode (RE), and the Au/Si3N4 substrate served as the working electrode (WE). 

As depicted in Figure 5.1 and the bottom view of the flow cell in Figure 5.2, the CE and RE are 

embedded in a small volume in which the electrolyte flows, interacting with the MnOx/Au/Si3N4. 

The flow cell is not only used for electrodeposition of MnOx on Au/Si3N4 but can also be 

implemented in the LiXEdrom main chamber for XAS and RIXS measurements.  

X-rays (red wave in Figure 5.2) coming from the synchrotron beamline will penetrate the 120 

nm thick Au/Si3N4 membrane, interact with the MnOx catalyst, then the spectrometer, viz. 

spherical grating and detector collect and detect the scattered light in an energy-resolved fashion, 

as illustrated in Figure 5.2. Simultaneously to RIXS/XAS measurements, potentials were applied 

to the MnOx catalyst attached to the electrolyte solution through a potentiostat (EmStat3+ series 

from PalmSens company) connected to the three-electrodes configuration. 

 

 

Prior to the electrodeposition of MnOx film on the Au/Si3N4 membranes, it was necessary to 

clean the Au/Si3N4 membrane. Our approach was to perform cyclic voltammetry cycles (0.75 

− 2.25 VRHE; sweep rate of 0.020 V s-1) on the unmodified Au/Si3N4 membrane in contact with 

the supporting electrolyte solution of borate buffer (0.1 M, pH 9.2) until a stable cyclic 

voltammogram was achieved. This preliminary cleaning step was done before each MnOx 

deposition. All potentials in this chapter are given vs. reversible hydrogen electrode and written 

as VRHE). 

As just pointed out, the supporting electrolyte of 0.1 M borate buffer at pH 9.2 was used not 

only in the cleaning step but also for all XAS/RIXS measurements. The electrolyte is prepared 

according to the recipe in [225] and described more precisely in section 3.3.2.1. The pH value of 

the borate buffer was checked regularly before each experiment using a calibrated pH meter. All 

the potentials were measured versus Ag|AgCl then recalculated versus the RHE scale according 

to the relationship E (VRHE) = E (VAg|AgCl + 0.210 + 0.059× pH), where pH = 9.2. The electrolyte 

used in the deposition of MnOx was prepared by mixing 0.5 mM Mn(CH3COO)2 and 0.1 M 

borate buffer (pH 9.2) [i.e., MnII solution buffered by borate], as described in section 3.3.2.2. 

The MnOx film was electrodeposited on the Au/Si3N4 membrane via chronoamperometry mode 

at a potential of 1.95 VRHE at 25°C. 
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Electrodeposition of the MnOx was done using five, two-minute-long depositions without flow, 

separated by ca. 2 min periods, which were needed to change the deposition solution in the cell 

with a fresh solution (flow rate ca. 15 µL s-1). However, this deposition protocol yielded unstable 

MnOx film at potentials more positive than 1.75 VRHE during spectroscopic analysis under X-ray 

irradiation, and film detachment from the Au/Si3N4 membrane was seen. For that, a second 

deposition protocol was applied and lead to the preparation of more stable and relatively thicker 

catalyst films as needed for the spectroscopic analysis at potentials more positive than 1.75 VRHE. 

In the second electrodeposition protocol, MnOx film is formed by a 4 mins continuous 

electrodeposition without any interruption with a flow rate of 13 µL s-1. Except for the improved 

stability, no other differences in the XAS/RIXS or electrochemical characteristics of the MnOx 

films produced were revealed via the two different deposition protocols. Prior to and after each 

experiment, the internal cell tubing was cleaned by flowing 1 M HNO3 for at least 15 min, then 

flushed with de-ionized water at a flow rate of 15 µL s-1 for 20 min to remove any acid/MnOx 

traces. 

Scanning Electron Micrographs (SEM) were obtained using a HITACHI S-4100 scanning 

electron microscope. Images were taken in several areas of each sample to ascertain the 

morphological homogeneity. Figure 5.3 shows the SEM images obtained for the MnOx film in 

the as-deposited state and after biasing the same film at 1.75 VRHE.  

Figure 5.3. Scanning electron micrographs of freshly deposited MnOx 

(a) before and (b) after applying potential for 15 min at 1.75 VRHE in 0.1 M borate buffer (pH 9.2). The

top right picture of (a) is a real picture of the as-deposited MnOx film as a brownish area on the

Au/Si3N4 substrate. The inset on the right side shows random nanostructured particles in the as-

deposited MnOx film. 
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The potential was applied ex situ for 15 min in 0.1 M borate buffer (pH 9.2) directly before SEM 

measurement. Both images revealed the formation of uniform distribution of the MnOx on the 

Au/Si3N4 substrate. The as-deposited film reveals two different structures; porous nanoflakes 

and interconnected grains which strongly resembling the birnessite structure [256], with some 

regions which contain irregular, random nanostructured particles, as shown in the inset of Figure 

5.3(a), which resembles Mn in lower oxidation states, like Mn3O4.[257] After applying a potential 

of 1.75 VRHE to the same MnOx film, the nanostructured particles are likely transformed, and the 

nanoflakes are uniformly covering the substrate, which may enhance better access of electrolyte 

into the catalyst.  

 

 

The XAS/RIXS experiments were performed at the U49-2/PGM1 beamline of the BESSY II 

synchrotron facility in Berlin, Germany. The LiXEdrom endstation was used to host the 

electrochemical flow cell in a high vacuum chamber (10-6  mbar), allowing the electrolyte to 

enter and exit the flow cell via feedthroughs. Moreover, the LiXEdrom setup includes the photon 

detector by which the energy of the emitted photons can be detected in an energy-resolved 

fashion probing specific excitations in the catalyst. The emitted photons (yellow waves in Figure 

5.2) were detected in the energy range 632-660 eV, which allows probing the transitions from 

the Mn 2p to unoccupied 3d valence state. 

The X-ray absorption (XA) spectra were measured herein in two acquisition modes: total 

electron yield (TEY) and partial fluorescence yield (PFY) modes. Both acquisition modes are 

discussed in section 2.2. The TEY-XA spectra were collected ex situ, at which a potential was 

applied to the MnOx film substrate in the electrochemical flow cell for 15 mins; then, the 

substrate is mounted on a solid sample holder and transferred directly afterward to be measured 

with X-rays. While the PFY-XA spectra were collected in situ, at which the potential is applied 

to the MnOx film simultaneously to X-ray illumination. The in situ PFY-XA spectra were 

measured at different positions at least twice on the sample and compared to each other to check 

for the homogeneity of the MnOx film and identify any beam damage. Then the overall detected 

intensity of the spectra was summed up to increase the signal to noise ratio when no sample 

damage was detected. The PFY-XA spectra were reproducible for freshly prepared MnOx 

samples. An advantage of our experimental setup is that a RIXS measurement can be carried out 

simultaneously with the PFY-XA measurement. This is done by recording the energy-resolved 

spectrum for each excitation energy as a 3D map. The emitted photons were collected at each 

incident energy for ca.10 sec for every single scan. I.e., one PFY-XA spectrum in the range of 
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632-658/0.1 eV takes ca. 43 minutes with a moderate signal to noise. However, 10 sec 

acquisition time at each excitation energy of the energy range was not enough to collect high 

resolved RIXS spectra. Hence, to obtain a more detailed RIXS spectrum with a better signal to 

noise ratio at selected energy, it was collected in 30 min, as triplicate RIXS measurements of 10 

minutes each. The RIXS spectra were then compared to each other to identify possible sample 

damage and subsequently summed up.  

All the experimental raw RIXS spectra were corrected from the noise background, and energy 

was calibrated, as described in section 3.4. In order to compare relative amounts of scattered 

photons (i.e., intensity) into the various channels, all the experimental and theoretical spectra 

were normalized to an intensity of 1. It should be mentioned that this normalization does not 

change the relative intensities of the RIXS features, as shown in Figure B.1 in Appendix B. 

 

 

As previously pointed out, samples investigated with soft X-rays of a high photon flux are highly 

prone to sample damage.[258] Hence, one should pay special attention to the verification and 

elimination of sample damage during the spectroscopic investigation. A sample damage study 

protocol similar to that applied in Chapter 4 was followed for the in situ and ex situ 

measurements of this study. 

Absorption/Emission spectra for MnOx were recorded using different X-ray intensities under 

applied potentials to identify any undesired processes that may happen. It is found that sample 

damage is possible to occur for the in situ PFY-XA spectra as well as the ex situ TEY-XA 

spectra. Figure 5.4 reveals that the induced spectral changes in the TEY-XA spectra measured 

ex situ follow those obtained in situ in the PFY mode. 

For the in situ PFY-XA measurements conducted at potentials up to 1.75 VRHE, the opening of 

the beamline aperture located directly after the insertion device was adjusted to (1.6 mm × 1.6 

mm) and exit slit size of 50 µm, which results in a reasonable signal to noise ratio with no 

indication for sample damage by the X-rays. However, this photon flux yielded a substantial 

reduction of electrodeposited MnOx to the state dominated by MnII upon collecting the PFY-XA 

spectra at potentials equal to or above 1.75 VRHE (Figure 5.4(b)). Therefore, it was necessary to 

stepwise decrease the beamline aperture down to 0.8 mm × 0.8 mm, at which the flux decreased 

by approximately a factor of 4. As a result, no beam damage was obtained as checked at different 

sample positions. It reveals that the reduction of the MnOx was predominantly arising from the 

relatively high photon flux. In the case of ex situ TEY-XA measurements up to 1.75 VRHE, the 
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beamline aperture was adjusted to the least value (0.2 mm × 0.2 mm) that would allow collecting 

undamaged spectra (black in Figure 5.4(a)). 

Figure 5.4. Mn L-edge XA spectra for intact (black) and X-ray damaged (red) electrodeposited  
MnOx film obtained (a) ex situ in TEY mode after polarization at 1.45 VRHE for 15 min, and (b) in situ 

in PFY mode during biasing at 1.75 VRHE. Potentiostatic treatment was performed using a 0.1 M 

borate buffer solution (pH 9.2). The TEY-XA spectrum of MnIIO reference (gray) was plotted in the 

top panel for comparison. 

All spectra were obtained multiple times at various sample spots to detect undesired changes 

due to sample damage and to evaluate spectral reproducibility using different low photon fluxes. 

The spectroscopic data were perfectly reproducible in all, but in a few cases, some spectra were 

found to include some spectral changes due to X-ray induced sample damage. Those spectra 

were excluded from the analysis, and only spectra that include no sample damage were 

eventually addressed, and therefore were used for analysis. 

Experimental Results and Discussion 

Cyclic voltammetry (CV) is used to investigate the redox process happening at the MnOx 
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catalyst. Figure 5.5 shows the cyclic voltammograms for Au/Si3N4 substrate before and after the 

MnOx electrodeposition, with both exhibiting a combination of redox processes.  

Figure 5.5. Cyclic voltammograms for unmodified Au/Si3N4 substrate (gray) and electrodeposited 
MnOx on Au/Si3N4 substrate (green) in 0.1 M borate buffer (pH 9.2). Currents were normalized to the 

geometric surface area of the electrode. The plot region of the Mn redox transformations is enlarged as 

an inset in the figure. The top scheme illustrates the potential-induced changes of the Mn oxidation 

states, initiated from spectroscopic results (vide infra). The in situ XAS/RIXS spectroscopic 

measurements (vide infra) are collected at nine potentials at the dashed (red) lines. 

All the CV curves were undertaken using the same electrochemical flow cell used for the MnOx 

electrodeposition with a Ag|AgCl reference electrode and a platinum wire counter electrode. 

CVs were measured in 0.1 M borate buffer (pH 9.2) in the potential range (0.75 - 2.25 VRHE, 

starting and terminating at 0.75 VRHE, sweep rate of 0.02 V s-1). During the spectroscopic 

analysis, the potential of the electrode was kept constant. All electrochemical and spectroscopic 

studies were undertaken at 23 ± 2°C. Before the MnOx electrodeposition, the Au-coated Si3N4 

support exhibits typical features of gold substrates, viz. surface oxidation starts at ca. 1.2 VRHE, 

and their reduction as a well-defined peak at ca. 1.0 VRHE (gray curve in the inset of Figure 5.5). 

This value is close to that reported in the literature.[259] By electrodepositing MnOx on the Au-

coated Si3N4 support, the Au redox features are suppressed as expected, while the redox features 

of MnOx catalyst are pronounced along with water oxidation at potentials >1.6 V. In the potential 

range of 0.8-1.4 V, at least two redox transformations of Mn can be seen, [142] as shown in the 

inset of Figure 5.5. 
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In situ X-ray absorption spectroscopy measurements were carried out at nine potentials (red 

dashed lines in Figure 5.5), addressing different catalytic regions of MnOx. The initial as-

deposited state of the freshly deposited MnOx catalyst was examined with no potential applied 

(i.e., at open circuit potential (OCP)). The OCP allows the MnOx catalyst to equilibrate after the 

cyclic voltammetric analysis.  

Figure 5.6(a) shows the in situ PFY-XA spectra measured at the Mn L2,3-edge in the energy 

range 636 - 658 eV. The spectra reveal typical multiple structures, arising from the electronic 

transitions of 2p core – 3d conduction band (unoccupied valence states) upon soft X-ray 

absorption. The first multiplet structure in the energy range of ca. 639-647 eV originates from 

Mn 2p3/2  3d transitions (L3-edge), and the second absorption features between 650 eV and 

658 eV are attributed to the Mn 2p1/2  3d transitions (L2-edge). After excitation, there is a 

relaxation process via electron/photon emission.  

In situ PFY-XA spectra were collected simultaneously while applying potentials from 0.75 to 

2.25 VRHE to the electrodeposited MnOx, as displayed vertically in Figure 5.6(a). The application 

of increasing potential induces significant changes in the spectral features: On one hand, the 

peaks at 640.2 eV and 641.6 eV in the L3 edge regime arise mainly from MnII and MnIII, 

respectively, are notably suppressed, while a significant increase in the intensity of spectral 

features located at 640.8 and 643.7 eV (fingerprints of MnIV). On the other hand, there is an 

overall shift in the L2 main feature towards higher energies as applied potential increases. These 

spectral changes reflect an increase in the mean oxidation state[247, 258], which can be further 

linked to structural transformations in the catalyst films at various catalytic stages. Interestingly, 

changes observed in the XA spectra are reversible and reproducible, as confirmed by 

measurements carried out with a random sequence of applied potentials, as shown in the 

Appendix (Figure B.2). 

Ex situ TEY-XA spectra were also measured at the Mn L2,3-edge for the MnOx reference samples 

and the electrodeposited MnOx catalyst in the as-deposited state and after conditioning at 

different potentials (Figure 5.6(b and c)) to allow for comparison with the in situ results and 

confirm previous results. The TEY-XA spectra of reference MnOx samples were used to fit the 

XA spectra of the biased MnOx catalyst to establish the effect of potential on the Mn oxidation 

state of the MnOx catalyst. 
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Figure 5.6. Soft XA spectra at the Mn L2,3-edge measured (a) in situ in the PFY mode  

 for MnOx film in contact with 0.1 M borate buffer (pH 9.2) obtained with no potential applied (as dep. 

state) and after biasing at specific potentials (values at the dashed red lines in the cyclic voltammogram 

curve in Figure 5.5). Energies at the dashed lines were used to record the RIXS spectra, (b) ex situ in 

TEY mode for reference MnOx materials (Mn3O4, Mn2O3, MnO2, birnessite, and MnII resembling MnO 
[56, 72]), and (c) ex situ for the MnOx in the as-deposited state and after 15 min conditioning at 0.75, 1.25, 

1.45, 1.75, and 2.25 VRHE in 0.1 M borate buffer (pH 9.2). Background shading shows the spectral 

regions corresponding to a particular Mn oxidation state [258], as identified by the main features of each 

MnOx reference spectra in (b). The spectra are normalized to one at maximum intensity. The oxidation 

state of Mn for each reference spectrum is labeled in the yellow box. Corresponding current-time 

transients recorded during the in situ measurements are demonstrated in Figure 5.7. 
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Figure 5.7. Typical water oxidation current-time transients obtained for electrodeposited MnOx  

biased at potentials 1.45 (red), 1.75 (blue), and 2.05 VRHE (green). The measurements were undertaken 

during in situ PFY-XAS analysis, while the MnOx film was in contact with 0.1 M borate buffer 

electrolyte (pH 9.2). 

 

The fitting results in Figure 5.8 showed that the MnOx film in the as-deposited state consists of 

a mixture of almost equal amounts of Mn3O4, Mn2O3, and birnessite, which oxidize to a film 

consists predominantly of Mn2O3 and birnessite upon biasing the film with 1.25 VRHE. The XA 

spectra for MnOx films biased at 1.45 V and 1.75 V are very similar to that measured for a 

birnessite reference standard with a possible few contents of MnO2, which is in accordant with 

the theoretical analysis (vide infra) and other studies reported in [39, 73, 113]. At the same time, it 

should be mentioned that as the TEY measurements were done ex situ, it is more likely that the 

reactive species within catalysts have already been reduced prior to X-ray investigation or 

possibly experience minor differences. It is also possible that the contribution of MnO2 in the 

MnOx film biased at 1.45 VRHE might be an artifact caused by the similarity of the MnO2 and 

birnessite reference spectra. 

The potential-induced spectral changes found for the ex situ TEY-XA spectra are very similar 

to the behavior observed in the in situ PFY-XA spectra (Figure 5.6(a) vs. (c)) except for the 

well-known intensity amplification of the L2-edge in the PFY-XA spectra.[169] Furthermore, the 

negligible changes in the shape and energy positions of the L3 and L2 multiplets of the in situ 

PFY-XA spectra when biasing the catalysts at potentials more positive than 1.45 VRHE reflects 

no fundamental changes in the oxidation state of MnOx and indicates that the phase formed at 

positive potentials is predominantly the birnessite phase. 



90 Chapter 5  
 
 

 

 

 
Figure 5.8. Linear combination fitting of the Mn L2,3-edge TEY-XA spectra of the well-defined 
MnOx species for powder reference samples. The spectra of MnOx biased at 1.45 and 1.75 VRHE 

resemble the birnessite reference spectrum, shown in green. Note that the fitting is subject to 

approximately 5-10% uncertainty.  

 

As previously mentioned, the PFY acquisition mode is bulk sensitive (ca. 10-100 nm), revealing 

a structural transformation of the entire MnOx catalyst into birnessite at more positive than 1.45 

VRHE. This is in line with the manganese K-edge XAS studies reported in [73]. The catalyst 

becomes significantly susceptible to the X-ray damage when biased by strongly oxidizing 

potentials, ≥1.75 VRHE, revealing the evolution of a highly reactive state of MnOx, which is easily 

reduced to soluble species by X-ray irradiation. It was shown practically as a MnOx film peeling 

off the Au/Si3N4 substrate and spectroscopically as MnII features in the XA spectrum (Figure 

5.4). Indeed the degradation induced by potential simultaneously to X-ray irradiation has been 
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tackled by decreasing the photon flux (ca. 10 times lower) to allow for collecting reliable 

spectroscopic data as pointed out in detail in the experimental section 5.2.6. Nonetheless, even 

the L-edge XAS analysis did not offer the sensitivity level required to probe the actual state of 

this labile MnOx, which prompted us to carry-out in situ RIXS measurements. 

 

 

In situ RIXS measurements were undertaken at different applied potentials (dashed lines of the 

CV in Figure 5.5) for the MnOx catalysts, as presented in Figure 5.9. In addition, RIXS spectra 

were collected at selected energies, which coincide with the most pronounced potential-induced 

changes in PFY spectra (at the dashed lines in Figure 5.6(a) or Figure 5.10), where significant 

changes likely occur in the electronic states of the unoccupied 3d states. Thus, the RIXS spectra 

were recorded at the photon energies (640.8, 641.6, and 643.7 eV) at the Mn L3-edge and (651.8 

and 654.2 eV) at the Mn L2-edge. The energy of 640.2 eV was not considered in the analysis as 

the signal is not present at high positive potentials. The RIXS spectra are presented as energy 

loss features of the scattered photons when X-rays of selected energy illuminates the electrode. 

Therefore, it is possible to probe the inter- and intra- atomic transitions through the amount of 

energy absorbed in the system. 

All the RIXS spectra reveal a peak at 0 eV energy loss, resulting from emitted photons that are 

scattered with no energy transferred to the system. These elastically scattered photons result 

from the generated 2p core-hole being filled by the excited electron, i.e., photon in = photon 

out. While other features in the highlighted regions in Figure 5.9 at 1-5 eV and 5-10 eV are 

related to d-d excitations and charge transfer transitions, respectively.[187, 188] Moreover, there 

are fluorescence features observed in the RIXS spectra at the L2-edge with energy loss positions 

that scale linearly with the incident photon energy (Figure 5.10). Details on the RIXS process 

are reported in section 2.3 and the review [150]. Such spectral features arise when an electron 

from the occupied 3d valence states fills the 2p core-hole (photon out ≤ photon in), as illustrated 

in the energy diagram in Figure 5.11. 
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Figure 5.9. In situ resonant inelastic X-ray scattering spectra measured as energy loss spectra for  
MnOx catalyst in 0.1 M borate buffer (pH 9.2) at 23 ± 2 ºC with no potential applied (black) and at 0.75 

(gray), 1.25 (red), 1.45 (light green), 1.65 (orange), 1.75 (dark green) , 1.85 (blue) , 2.05 (violet) and 

2.25 VRHE (turquoise). All the spectra were background corrected and normalized to an overall 

integrated intensity of 1. RIXS spectra are separated vertically according to the PFY-XA energies in the 

top panel at the black dashed lines for MnOx in the as-deposited state (black) and at 1.75 VRHE (blue). 

Highlights in the background describe the different RIXS features with simplified energy diagrams at 

the top. A 2D RIXS maps for MnOx in the as-deposited state and at 1.65 V RHE are shown in Figure 5.10. 
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Figure 5.10. 2-D experimental RIXS mapping of the MnOx catalyst in contact with 0.1 M borate  

buffer (pH 9.2) in the as-deposited state (left) and at a potential of 1.65 VRHE (right). The map is a plot 

of the energy-loss of the scattered photons against the incident photon energy. Vertical solid lines 

indicate the elastically scattered photons at 0 eV energy loss, d-d transition, and charge transfer 

transition peaks; horizontal dashed lines indicate the energies used to collect higher-quality RIXS 

spectra in Figure 5.9. By integrating the intensity of the emitted photons at each incident photon energy, 

PFY-XA spectra will be obtained, as showed in white in both images. 

 

 
Figure 5.11. The ground, intermediate, and the final electronic state of a typical d3 transition metal  
ion (e.g., MnIV) in octahedral symmetry upon X-ray irradiation, showing transitions at the L3-edge 

(2p3/2). The final state shows the elastic scattering, d-d transition, and charge transfer transitions. 
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The RIXS spectra reveal noticeable features at 3-4 eV and 6-8 eV (Figure 5.9), independent of 

the excitation energy and assigned to d-d transition excitations and CT transitions, respectively. 

The latter is attributed to electron transfer between the ligand, O, and metal, Mn.[260, 261] The 

most significant potential-induced changes in the relative peak intensities are found in the RIXS 

spectra collected at 640.8, 641.6, and 643.7 eV (Figure 5.9). These excitation energies are in the 

vicinity of the main features for all Mn oxidation states of interest (MnII, MnIII, MnIV), as shown 

in the PFY-XA spectra (Figure 5.6), which allows for a high cross-section of X-rays with these 

species. Distinctive differences in the RIXS spectra are revealed when the potential is changed. 

Interestingly, the applied potential has a negligible change in the energetic positions of the d-d 

transition and CT peaks (Figure 5.9), suggesting that the energies required for those transitions 

are the same for all Mn oxidation states involved. Furthermore, the fixed energy position of the 

d-d transition peak at ca. 3 eV reflects no significant change in the bandgap between the valence 

and conduction band of the catalyst during water oxidation. Simultaneously and most 

importantly, by biasing the MnOx films with different potentials, a significant change in the 

relative intensities of the RIXS features can be observed. Figure 5.12 shows the relative intensity 

of the RIXS features associated with elastics scattering (0 eV energy loss), d-d transitions (3-4 

eV energy loss), and CT transitions (6-7 eV energy loss) as a function of potential applied to the 

MnOx film. The intensity of each component was determined by fitting a Gaussian curve then 

normalized to the intensity of the same feature obtained at the applied potential beyond which 

the XAS displayed no further change (i.e., 1.45 VRHE). 

More concisely, the RIXS data shows that for the MnOx in the as-deposited state and after 

biasing with 0.75 VRHE, the most prominent excitation happens is due to the d-d transition while 

the contribution of the CT transition is lower (Figure 5.9). While biasing the MnOx with more 

positive potentials than 1.45 VRHE, the CT feature in the RIXS spectra is greatly enhanced, and 

the elastic peak suppressed while the d-d transition feature remained nearly the same (Figure 

5.12). These changes in the features are most apparent for RIXS measured at excitation energies 

of 640.8 and 641.6 eV and saturate at approximately 1.75 VRHE. This can also be observed from 

the RIXS intensities ratio for the features associated with CT to the d-d transitions, which 

increases with increasing the applied potential at different excitation energies (Figure 5.13). The 

potential (1.75 VRHE) exceeds the value at which saturation of the XAS spectra is achieved (1.45 

VRHE), which implies that further changes regarding the electron transfer between ligand, O, and 

metal, Mn within the catalyst are happening even after settling the Mn oxidation state. To get a 

more in-depth insight into understanding this experimentally observed phenomenon, theoretical 

calculations were applied. 
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Figure 5.12. Relative peak intensity of the RIXS features assigned due to elastics scattering (black  
squares), d-d transitions (red circles), and charge transfer transitions (blue triangles) obtained for 

excitation energies of 640.8 (bottom panel), 641.6 (middle panel), and 643.7 (top panel) of the RIXS 

spectra in Figure 5.9. All values were normalized to the respective feature intensity of the RIXS 

spectrum at an applied potential of 1.45 VRHE. The dashed lines mark a relative intensity of 1. 

 
Figure 5.13. The ratio of the RIXS intensities for the features associated with charge transfer (6-7 eV  

energy loss) and d-d transitions (3-4 eV energy loss) measured at the excitation energies of 640.8 (blue 

squares), 641.6 (red circles), and 643.7 eV (green triangles). Dashed lines serve only as virtual guides 

for the trend. 
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 Theoretical Calculations of XA/RIX Spectra 

Computation of RIXS and XA spectra in this section was performed by Dr. Travis Jones, from 

Fritz-Haber-Institute der Max Planck Gesellschaft to confirm and to provide a further 

explanation of experimental spectra regarding the origins of the apparent increase in the intensity 

of the CT feature in RIXS spectra with increasing the potential applied to the MnOx film up to 

1.75 VRHE then saturation occurs. RIXS and XA spectra were computed using a standard 

configuration interaction model within the QUANTY package to take into account hybridization 

between the metal and its ligands and to control charge transfer energy (∆), and the Mn-O bond 

length via the extent of orbital wave function overlap, known as “hopping integral (Veg).”[262-264] 

The calculations were undertaken for MnIV in a birnessite geometry (octahedral geometry with 

3d3
 Mn electronic configuration), mimicking the obtained experimental results, which showed 

the full transformation of the MnOx catalyst to the birnessite phase when biased by positive 

potentials ≥1.45 VRHE. A more detailed theoretical analysis for this study can be found in [148]. 

The efficiency of charge transfer in first-row transition metal complexes is strongly correlated 

to orbital hybridization.[265] In particular, this interdependence has been confirmed for lanthanum 

strontium manganite, where charge transfer is facilitated upon an increase in the hybridization 

of the Mn 3d and O 2p orbitals.[266] On this basis, the potential-induced changes in the in situ 

RIXS spectra of MnOx reported herein can be further rationalized in terms of the enhanced 

hybridization of the metal and oxygen states at positive potentials. Thus, the theoretical analysis 

considered varying the hybridization degree of the Mn 3d and O 2p orbitals. Dr. Travis Jones 

reported that “this variation can be achieved by altering the energy difference between the two 

orbitals via the charge transfer energy (∆), and the Mn—O bond length via the extent of orbital 

wavefunction overlap (the O—Mn hopping integral, Veg). A decrease in ∆ induces greater orbital 

hybridization, as does an increase in Veg.”[148] The energy cost associated with a ligand to metal 

charge transfer, Δ = E(d(n+1) L) - E(dn). 

By simulating the XA spectrum of MnIV in a birnessite geometry, all the experimentally 

attributed features were reproduced when the hybridization between Mn 3d and O 2p orbital is 

considered, as clearly indicated in Figure 5.14. When the hybridization was excluded from the 

model, the resonance peak at the low energy side of the L3 edge absorption spectrum does not 

manifest (gray curve in Figure 5.14(a)); however, it is captured when hybridization is 

incorporated in the model. The shape of the calculated absorption spectra is relatively insensitive 

to the exact values of Δ. Increasing or decreasing Δ by as much as 2 eV only slightly affects the 

spectral shape (cf. red, blue, and green curves in Figure 5.14(a)). Notably, the calculated spectra 

are consistent with the measured TEY-XA spectrum of a birnessite reference sample and the ex 



  5.4  Theoretical Calculations of XA/RIX Spectra  97 
 
 

 

situ TEY-XA spectrum and in situ PFY-XA spectrum for the electrodeposited MnOx film biased 

at 1.75 VRHE as shown in Figure 5.14(b-d).  

 
Figure 5.14. Absorption spectra at the Mn L2,3-edge. Panel (a) shows calculated XA spectra for MnIV  

in birnessite geometry for three different values of the charge transfer energy ∆ - controlling the 

hybridization – and the spectrum in gray is calculated with suppressed hybridization. Panel (b) shows an 

experimental TEY-XA spectrum for a birnessite reference. Panels (c) and (d) present the experimental 

ex situ TEY-XA spectra of the deposited MnOx film conditioned at 1.75 VRHE and in situ PFY-XA 

spectrum during biasing with a potential of 1.75 VRHE, respectively. The dashed lines denote the 

energies at the Mn L3 edge considered for the experimental and theoretical RIXS spectra. 

 

In contrast to the absorption spectrum, the simulated RIXS spectra can only reproduce the 

experimental RIXS spectra when hybridization is included in the theoretical model. The RIXS 

peak positions are susceptible to the hybridization parameters (Δ and Veg). Figure 5.15 shows 

the simulated RIXS spectra calculated at the same excitation energies as for the experimental 

RIXS spectra (i.e., at 640.8, 641.6, and 643.7 eV) with varying Δ values (red, blue, and green 

curves in Figure 5.15), which varies the hybridization degree between the Mn and O orbitals.  

For qualitative comparison to the simulated RIXS spectra, an experimental RIXS spectra (black 



98 Chapter 5  
 
 

 

dashed curves) were added to Figure 5.15 at the three excitation energies, which are an average 

spectrum of RIXS spectra measured at 1.45, 1.65, 1.75, 1.85, 2.05, and 2.25 VRHE. This was 

done to improve the signal to noise level of the added experimental spectra.  

 

 

 
Figure 5.15. Theoretical RIXS spectra (solid lines) calculated with a charge transfer  

energy of Δ = 0 (red), 2 (blue), and 4 eV (green) with Veg = 2.6 eV in all cases, as well as for suppressed 

hybridization of the Mn and O orbitals (gray). Experimental RIXS spectra are overlaid (dashed black 

lines) for excitation energies 640.8, 641.6, and 643.7 eV as specified. All spectra were normalized to an 

overall integrated intensity of 1. 

 

Importantly, a feature at energy above 5 eV can only pronounce when charge transfer energy Δ 

is applied and disappeared when the hybridization is excluded (gray curves in Figure 5.15), 

keeping only the elastic feature and a set of features at energies typical of d-d transitions (ca. 2 

to 5.5 eV). The disappearance of the feature above 5 eV when hybridization is suppressed 

indicates that the experimental feature at ca. 6 eV arises from the CT feature (Figure 5.15). 
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Moreover, there is an absolute shift in the CT feature to ca. 8.5 eV energy loss for excitation 

energy of 643.7 eV, which is concordant with the experimental data. In contrast to experimental 

RIXS spectra, there is a relative energy shift for the CT feature of the simulated RIXS spectra 

when the CT energy (Δ) value is changed. Reducing Δ not only increases the intensity of the CT 

peaks but also shifts the peak position to lower energy loss (Figure 5.15). The energetic position 

of the CT feature detected experimentally at ca. 6 eV for 640.8 or 641.3 eV excitation can be 

fairly reproduced theoretically with a CT energy between Δ = 0 and 2 eV (red and blue curves 

in Figure 5.15), with applying more refinement in the Δ values. Importantly, the energetic 

position of the d-d transition feature is almost the same with varying Δ and located at ca. 3 eV 

energy loss, which is consistent with the experimental spectra. The refinement of the Δ values 

should be coherent with the observed experimental changes in the intensity of the CT feature. 

The experimental RIXS spectra show that the relative intensity of the CT feature increased by 

ca. 8-10 % upon increasing the applied bias from +1.45 to +1.75 VRHE (cf. Figure 5.9 and Figure 

5.12). At the same time, as the intensity of the CT feature increased, the elastic feature subsided 

while the d-d transition feature intensity was only minimally influenced by increasing the 

potential applied. Such trends are reproduced theoretically by decreasing Δ values along with 

increasing the hopping integral (Veg). Increasing Veg induces greater hybridization, viz.  a smaller 

energy difference between the Mn 3d and O 2p orbitals along with a contraction in the Mn—O 

bond length (Figure 5.16). 

The simulation started with a value of Veg = 2.6 eV for MnIV,[262] together with Δ = 1.9 eV results 

in an energy position of the CT peak (ca. 6 eV energy loss) similar to that obtained 

experimentally for the MnOx film biased at 1.45 VRHE which shows the initial birnessite 

structure. The simulation mimics the experimental spectra when the CT energy is reduced on 

the order of an electron volt (approximately 0.8 eV, from 1.9 to 1.1 eV), with a slight increase 

of Veg by a few hundred meV (ca. 0.2 eV, from 2.6 to 2.8 eV). This yielded an increase in the 

relative intensity of the CT peak by 8-10 % as observed experimentally upon changing the 

applied potential from 1.45 to +1.75 V (Figure 5.9). Hence, the simulated spectra can reproduce 

all the observed trends of the charge transfer, d-d transition, and the elastic feature. Such changes 

indicate the removal of electron density from the O ligand shell. Crucially, the ligand to metal 

hybridization or O 2p and Mn 3d orbital hybridization is strongly correlated with any decrease 

of Δ and/or increase of Veg. The decrease of ∆ is associated with the formation of O 2p hole 

states, which would give rise to a formally OI- species of the oxygen ligand (d4L1), rather than 

OII-
 (d3L0), where d3 is the ionic ground state of the MnIV ion and L is a ligand hole formed by 

charge transfer to the metal. 

The RIXS results reported herein correlate with prominent mechanistic proposals for water 
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oxidation by the CaMn4Ox cluster in photosystem II,[267-269] as well as in situ XPS and NEXAFS 

studies on amorphous iridium oxide electrocatalysts, [270] with the generation of O– species 

having been suggested to precede the O–O bond formation in both cases. 

 
Figure 5.16. Theoretical RIXS spectra calculated for two excitation energies  

(641.6 eV in the top panel and 640.8 eV in the lower panel) with varying both the charge transfer energy 

Δ and the hopping integral Veg. The inset in the top panel shows the ratio of the relative increase of the 

charge transfer feature compared to the calculated feature intensity for Δ = 1.9 eV and Veg = 2.6 eV. 

 

As a result of the refinement of the CT energy and hopping integrals values used to fit the 

experimental results, the orbital’s structure involved in the XAS and RIXS excitations may be 

interpreted. In the case of XAS, simulations were undertaken by including electronic excitations 

into either the Mn 3d σ (eg) or π (t2g) orbitals to show precisely to which orbital the electron from 

Mn 2p will be excited. Figure 5.17(a) shows the simulated absorption spectra, where the 

resonance peak at the low energy side of the L3 edge in the initial birnessite absorption spectrum 

(ca. 640.8 eV) seems to be related to an electronic transition into the empty 3d3 (eg) - σ orbitals 

of MnIV in an octahedral arrangement. Figure 5.17(b) shows that the CT peak at the dashed line 

observed in the RIXS spectra at the two excitation energies (640.8 and 641.6 eV) is attributed 

to electron transfer from O-ligand to Mn σ orbitals. Therefore, theory indicates a ligand-to-metal 

charge transfer from an O 2p into an Mn 3d orbital. The predominance of the σ orbitals in charge 
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transfer can be explained by the higher overlap of the Mn and O σ orbitals compared to π orbitals. 

Based on the theoretical results reported herein, we conclude that by increasing the potential 

applied on the MnOx samples between 1.45 VRHE and ca. 1.75 VRHE, the ligand hole character 

increases. This oxygen hole character appears at potentials 300 mV more positive than the 

potential required to achieve the full transformation of the MnOx film into birnessite (ca. 1.45 

VRHE). Eventually, the Mn L2,3-edge RIXS/XAS spectroscopic data can be related directly to the 

mechanistic electrochemical study controlled by the in situ analysis herein. 

 
Figure 5.17. Theoretical spectra for MnIV in birnessite geometry using parameters  

from literature allowing or disallowing electronic transitions into either π (t2g) (blue) or σ (eg) (red) 

orbitals for (a) Mn 2p  3d XAS spectra and (b) RIXS spectra calculated for 641.6 eV (top panel) and 

640.8 eV (bottom panel). The first prominent XA feature and the CT feature at the dashed lines in (a) 

and (b), respectively, can be related to transitions into σ (eg) orbitals (red). 

 

 Conclusion 

The in situ study pertains to the transformations and electrochemical analysis of the 

electrodeposited MnOx water oxidation electrocatalysts induced by conditioning at mild and 

strongly oxidizing potentials under turnover conditions using in situ soft XA and RIX 

spectroscopy. XAS is highly sensitive to the unoccupied states and was employed to demonstrate 

the evolution of the Mn oxidation state under applied potentials up to 2.25 VRHE. RIXS is a 

spectroscopic technique that probes the valence excitations and enables analysis of elementary 

excitations, like d-d excitations and charge transfer transitions, which are not accessible with 

other techniques. The experimental results are supported by theoretical simulations that 

converge into an effective, robust modus operandi for probing electrocatalytic mechanisms.  
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Quantitative analysis of the different MnOx phases present in each catalyst film as a function of 

potential reveals that the MnOx film in the as-deposited state consists of a mixture of almost 

equal amounts of Mn3O4, Mn2O3, and birnessite, which oxidize upon biasing the film with 1.25 

VRHE to a film which consists predominantly of Mn2O3 and birnessite. Importantly, in situ PFY-

XA spectra revealed a full transformation of the MnOx film into birnessite state at ca. 1.45 VRHE, 

whereas in situ RIXS analysis revealed changes in the electronic state of MnOx at potentials up 

to 1.75 VRHE, which could not be detected using XAS alone. RIXS showed that the charge 

transfer feature intensifies until the MnOx film biased at 1.75 VRHE. Beyond this potential, a 

stabilization of the RIXS features occurs, which can be directly coupled to the water oxidation 

happening in this regime (Figure 5.5). It is worth noting that this stabilization of RIXS data at 

1.75 VRHE corresponds well with the water oxidation by MnOx electrocatalysts in the 1.70-1.75 

VRHE range, as studied by Bonke et al. in terms of Fourier transformed alternating current 

voltammetry.[142]  

The experimental and theoretical results of the study herein have shown that:  

1) The Mn oxidation state in the MnOx film increases under applying more positive potential 

until the film transforms into the birnessite state at ca. 1.45 VRHE, then no further change in 

the Mn oxidation state occurs up to 2.25 VRHE. 

2) No evidence has been seen for including Mn species with higher oxidation states than 4+ 

in the water oxidation electrocatalysis. 

3) By applying a more positive potential to the MnOx films, the hybridization degree of Mn 

3d and O 2p orbitals increases (up to 1.75 VRHE). 

4) The continuous change in the RIXS spectra between 1.45 and 1.75 VRHE suggests an extent 

changes in orbital hybridization between Mn 3d and O 2p, up to 1.75 VRHE, even after 

saturating the Mn oxidation state at 4+. It reveals that O-to-Mn charge transfer is needed to 

bolster fast water oxidation catalyzed by MnOx achieved at 1.75 VRHE and did not enhance 

by applying higher potentials (up to 2.25 VRHE). The formation of an O— species associated 

with ligand-to-metal charge transfer is believed to be of crucial importance for efficient 

electrocatalytic water oxidation. 

As a result, an essential step toward the interaction between an electrocatalyst and water 

electrooxidation intermediates was experimentally probed. In situ soft XAS, together with the 

RIXS study, consolidate into a powerful spectroscopic tool for advanced analysis of 

electrocatalytic phenomena, and formation of O— species, play a key role in OER catalysis. 
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 Introduction 

In the last two chapters, manganese oxides have been studied ex situ and in situ as an 

independent electrocatalyst for oxygen evolution reaction in an electrochemical cell. Converting 

an electrochemical cell into a photoelectrochemical cell requires developing photoelectrodes 

that drive water splitting efficiently under visible light irradiation. As pointed out in section 

1.5.4, potential photoanode should have a relatively small bandgap, chemically stable in the dark 

and under light illumination, suitable band position to straddle for OER, and HER with low 

overpotential, efficiently transfer charges to the surface of photoelectrodes for water 

oxidation/reduction, and low cost.[13, 29-31, 34, 37] Many semiconductors, like WO3, [121, 122] Fe2O3, 

[123] BiVO4,[124, 125] and TaON, [126-133] have been studied as photoanodes for water oxidation. 

However, they either suffer poor charge separation/ slow rate of charge transfer processes or 

exhibit low resistance to photo-corrosion under visible light. [121, 123, 134-136] To address these 

limitations, metal oxide co-catalysts deposited on the semiconducting photoanode surface can 

enhance the overall water splitting efficiency. On the one hand, the co-catalyst protects the 

semiconductor surface, so it improves its stability against (photo-)corrosion [34, 130, 137], and on 

the other hand, it assists in the kinetics of the interfacial charge transfer, i.e., reduces the 

activation barrier to charge transfer.[14, 34, 138] 

In this chapter, manganese oxide is studied as a water oxidation co-catalyst to tantalum 

oxynitride (TaON), being the semiconducting photoanode material. As pointed out before that, 

MnOx is a well-known efficient water oxidation catalyst, which is inexpensive and earth-

abundant.[40, 72, 74, 98, 232, 271] While TaON has spurred much attention as a promising photoanode 

semiconductor for water-splitting devices.[126-133] TaON is an n-type semiconductor of a bandgap 

of 2.4 eV[272, 273], which makes it an efficient photoabsorber under visible light (λ ≤ 500 nm) 

irradiation.[274] TaON has an appropriate band edge positions to straddle the OER and HER since 

the valence band (VB) edge is more positive than the oxidation potential (O2/H2O), and the 

conduction band (CB) edge position is more negative than the reduction potential (H+/H2), 

respectively, as shown in Figure 6.1. So, theoretically, TaON has the potential to produce O2 

and H2 with no external applied bias.[274-276] On the downside, TaON can suffer self oxidative-

deactivation upon irradiation, forming N2 gas and the inactive Ta2O5, which is a poorly visible 

light absorber because of the large bandgap (Eg =3.9 eV). [130, 135, 275] The formation of an oxide 

layer (Ta2O5) at the TaON surface hinders the transfer of the photogenerated holes from the 

TaON to the surface at which water oxidation takes place since there is a mismatch in the VB 

edge levels between Ta2O5 and TaON, [130] as illustrated in Figure 6.1. Indeed this limits the 

photocatalytic activity. 
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Figure 6.1. The absolute valence and conduction band edge positions of TaON,  

Ta2O5, MnO2, Mn2O3, and MnO measured with ultraviolet photoelectron spectroscopy in a vacuum 

state. The dashed red lines are hydrogen (H+/H2) and oxygen evolution potentials (H2O/O2). Data on the 

band-edge values are taken from [36, 275, 277, 278]. 

 

Abe et al. reported that the TaON photoanode showed a significant enhancement in the incident 

photon to current efficiency (IPCE) of ca. 76% (at 400 nm at 0.6 V vs. Ag|AgCl) after loading 

of IrO2.nH2O nanoparticles as a co-catalyst for water oxidation.[126] Higashi et al. revealed that 

highly dispersed CoOx nanoparticles on the TaON photoanode efficiently scavenge the 

photogenerated holes transfer and suppress the self-oxidative deactivation of the TaON surface, 

which results in a stable photocurrent and splitting of water at a relatively low applied 

potential.[135] Furthermore, an improvement in water-splitting performance by electrodepositing 

MnOx onto TiO2/TaON films was also reported by Gujral et al. [130]. Therein, a 7-fold 

enhancement in terms of photocatalytic activity was achieved. However, the reason for the 

catalytic activity improvement is yet not fully understood. 

As the VBM of MnOx is slightly more positive than that of n-type TaON (as schematically 

shown in Figure 6.1), we hypothesized that by depositing ultrathin MnOx films (few nms) on 

TaON, the photo-generated holes could be efficiently utilized to oxidize water, and enhancement 

of the hole transfer could be achieved, as demonstrated in Figure 6.2. Also, suppression of self-

deactivation of TaON might increase with the MnOx overlayer. Hence, in this chapter, MnOx 

layers are uniformly deposited atop the TaON by atomic layer deposition, then a detailed 

interfacial analysis of the MnOx/TaON is carried out using hard X-ray photoemission 
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spectroscopy (HAXPES). The chemical composition and the electronic structure changes at the 

interface between the TaON photoanode and MnOx overlayer will be investigated as a function 

of the MnOx overlayer thickness. Samples are characterized in terms of voltammetry, X-ray 

diffraction (XRD), transmission electron microscopy (TEM), energy dispersive X-ray (EDX). 

Numerical calculations on a model system of MnOx/TaON were undertaken to support the 

experimental results. 

 

 

 
Figure 6.2. A schematic diagram for the possible charge transfer processes during oxygen evolution  

(O2/H2O) happening at the MnOx overlayer film onto TaON photoanode and hydrogen evolution 

(H+/H2) reactions at a metal cathode. 

 

 

 Experimental Section 

 

All the samples investigated in this study were entirely prepared at the solar fuel institute of the 

HZB in the form of thin films with the following steps (see Figure 6.3): 
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Figure 6.3. Schematic illustration of the sample preparation  

(a) Evaporation of the conductive layers of Ti-Pt-Ti on quartz, (b) Sputtering of 100 nm of Tantalum 

metal (c) Oxidation of Ta at 650 °C, (d) Nitridation of Ta2O5 at 850 °C, transforming it into TaON, (e) 

Atomic layer deposition of MnOx of different thicknesses (2, 5, 7, and 26 nm) on the TaON photoanode. 

 

 

Sputtering of Tantalum (Ta) was done at room temperature using DC magnetron homemade 

sputtering and evaporation system under high vacuum 6 . 10-7 mbar.[279] Tantalum metal (99.95% 

purity) was sputter-coated on 5 nm Titanium – 150 nm platinum – 5 nm Titanium (Ti-Pt-Ti) on 

a quartz substrate. The conductive layers of Ti-Pt-Ti are necessary to conduct the hard X-ray 

photoemission spectroscopic measurements. Ti-Pt-Ti layers were deposited first by electron 

beam evaporation on quartz prior to the sputtering of Ta. Ti was added to assure proper adhesion 

between Pt with Quartz, as well as Pt with Ta. Sputtering of 100 nm of Ta metal on the Ti (Figure 

6.3(b)) was operated at 235 W DC electric power for 67 s.  

 

 

TaON thin films were prepared according to the recipe of de Respinis. et al. [279] As illustrated 

schematically in Figure 6.3(c-d), Ta is oxidized in a glass tube furnace filled with air at 650 °C 

for 5 hours to form the Ta2O5 film. Followed by nitridation at 850 °C for 22 hours under a flow 

of ammonia (NH3), H2 (g), and H2O (g) simultaneously to form the β-TaON phase. Based on the 

phase diagram derived by Swisher and Read [280], which shows conditions to reach Ta2O5, TaON, 

and Ta3N5 phases, the partial pressure ratio of P(H2O)/P(H2) was kept constant at 0.03, while the 
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partial pressure ratio of P(NH3)/P(H2)3/2 used is 0.09 at which a pure phase of β-TaON is reached, 

as confirmed by XRD measurement.  

 

 

Atomic layer deposition (ALD) is a deposition method based on the sequential deposition of 

chemical precursors, layer-by-layer growth.[79, 80] It is generally viewed as an excellent 

deposition method for producing uniform coating films of a specified thickness on the atomic 

scale. Here we use ALD to deposit MnOx catalytic films of controlled thicknesses onto high 

surface area electrodes.[79, 80] The ultra-thin MnOx films used in this study were grown on the 

TaON substrate using a home-built, hot-wall atomic layer deposition reactor setup.[281] In the 

ALD setup analysis chamber, the TaOxNy substrates were mounted on a sample holder attached 

to a heater. The substrate temperature was kept fixed at 125 °C during the atomic layer 

deposition of MnOx onto TaON. The Mn-precursor used for MnOx film deposition was 

Bis(ethylcyclopentadienyl) manganese (II) shown in Figure 6.3(e), which was preliminarily 

stored at 80 °C while the oxidizing agent was Millipore water (18.2 MΩ). The thickness of the 

MnOx film depends on the number of deposition cycles. One deposition cycle includes opening 

the Mn-precursor for 1.5 s followed by pumping to lower pressure 5 × 10-6  mbar, then purging 

with an Argon pulse for 0.1 s, then flushed with deionized water for 1.5 s.  

After MnOx deposition, in situ spectroscopic ellipsometry was used to estimate the MnOx 

thickness on a silicon (Si) substrate as a function of deposition cycles. The Si substrate was 

placed together with the TaOxNy substrates during deposition. The thickness growth per cycle 

of the MnOx layer was estimated to be 1.3 Å/cycle. However, the exact MnOx thickness on the 

TaOxNy substrate may differ from that on the Si substrate since different interactions between 

the MnOx film with different underlying substrates may lead to different morphologies of the 

MnOx film. Nevertheless, reliable MnOx thicknesses on TaOxNy were measured later by the 

TEM technique. 

 

 

Hard X-ray photoelectron spectroscopy (HAXPES) studies were performed on a series of 

different thicknesses of MnOx on TaOxNy samples at room temperature and under ultra-high 

vacuum conditions (~ 10-9 mbar). All HAXPES core levels spectra were measured at two 

excitation energies, 2003 eV and 4000 eV, to obtain information from different probing depths. 

For each excitation energy, five investigated samples were measured as a function of MnOx 
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thickness at which the 0 nm MnOx on TaOxNy was used as a reference for the underlying TaOxNy 

photoabsorber, and the thick layer of 26 nm MnOx on TaOxNy was used as a reference for the 

MnOx overlayer. While the 2, 5, and 7 nm MnOx thin layers on TaOxNy were measured to trends 

in chemical composition and electronic structure interfacial changes at the TaOxNy/MnOx as a 

function of MnOx film thickness. 

To assure experimental reproducibility and to test for sample homogeneity, spectra were 

measured several times at various spots on the same sample. Then upon ascertaining sample 

homogeneity, all the core levels spectra were measured at the same spot on the sample. All the 

HAXPES spectra in this study were collected using the HIKE endstation at the KMC-1 beamline 

at the BESSY II synchrotron facility. Details about the KMC-1 beamline and HIKE endstation 

are stated in section 3.2.3 & 3.1.2, respectively. The Au foil (reference sample) was attached to 

the same sample holder as the investigated samples; both had a common ground with the electron 

energy analyzer. The Au 4f core level spectrum was measured before and after collecting a set 

of HAXPES core levels spectra for every investigated sample at each excitation energy. Hence, 

for binding energy calibration, peak positions of all HAXPES spectra were calibrated using the 

Au 4f7/2 peak (with its binding energy at 84 eV) as a binding energy reference. Before any 

quantitative analysis, the HAXPES spectra were normalized by the photon flux, the number of 

sweeps, and acquisition time, which were recorded with each spectrum. A schematic illustration 

of the HAXPES experimental geometry, which is implemented later in SESSA software for a 

multi-layered sample of different thicknesses, is shown in Figure 6.4.  

Figure 6.4 shows the schematic arrangement of the sample, X-ray direction, and photoelectron 

direction to the hemispherical electron analyzer (as implemented at BL KMC-1, BESSY II). 

The synchrotron radiation polarization vector 𝜀𝜀 (horizontal) and the photoelectron momentum 

vector 𝑃𝑃�⃗  lie in the same plane, so the angle 𝑠𝑠 between the photon momentum vector 𝑘𝑘�⃗  and the 

plane containing 𝑃𝑃�⃗  and 𝜀𝜀 (as explained precisely in section 2.4) is equal to 0°. Since the 

photoelectron momentum vector 𝑃𝑃�⃗  is perpendicular to the photon momentum vector 𝑘𝑘�⃗ , the 

angle 𝛼𝛼 (angle between 𝜀𝜀 and 𝑃𝑃�⃗ ) is equal to 0°. 
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Figure 6.4. Schematic illustration of the hard X-ray photoelectron spectroscopy (HAXPES)  

experimental geometry. The X-ray source, sample, and hemispherical electron analyzer configuration is 

designated according to the experimental setup arrangement at BL KMC-1, BESSY II. The angle 

between the X-ray direction 𝑘𝑘�⃗  and the analyzer axis (photoelectron direction) 𝑃𝑃�⃗  is 90º, while the angle 

between the sample surface normal and the analyzer axis is 10º. This arrangement is implemented in 

SESSA software for calculation of thicknesses of Ta2O5 (yellow) at the interface of MnOx/ TaOxNy as 

well as the thicknesses of the MnOx layers; MnO2 (black), Mn2O3 (brown), and MnO (green). 

 

 

 Experimental Results and Discussion 

 

 

PEC measurements were done on bare TaON and MnOx/TaOxNy films in a voltammetric regime 

(0.1-0.9 VRHE) under chopped AM1.5 light irradiation in potassium borate buffer electrolyte (pH 

9). The changes in the photocurrents are shown in Figure 6.5. In the dark, all samples showed 

negligible oxidative currents. Upon deposition of just an ultra-thin layer (0.5 nm) of MnOx co-

catalyst on the TaOxNy photoanode, the photocurrent increased significantly. It increased further 

slightly up to 5 nm MnOx thickness with a 5-fold enhancement in photocurrent.  
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Figure 6.5. Linear sweep voltammetry (LSV) measurements under chopped AM1.5 illumination  

for bare TaON (red), 0.5 nm MnOx on TaOxNy (light green), and 5 nm MnOx on TaOxNy (dark green) in 

0.1 M potassium borate buffer (pH ~ 9) with 0.5 M Na2SO4 as a hole scavenger while bubbling Argon.  

 

 

 

The crystallographic structure of TaOxNy film with 0, 2, 7, and 26 nm MnOx thick overlayers 

were studied by grazing incidence X-ray diffraction (GIXRD) at room temperature in a Bruker 

D8 X-ray diffractometer using Cu Kα radiation. The XRD patterns of these samples are displayed 

in Figure 6.6, at which the XRD pattern of a bare TaON thin film synthesized at 850°C is shown 

in red, and MnOx films with different thicknesses on TaOxNy are shown in different shades of 

green. A low incidence angle of 1° was used in order to reduce the signal from the underlying 

Ti-Pt-Ti layer. 

All observed reflections were assigned to a pure β-TaON phase, as shown by Bragg reflections 

for the monoclinic TaON phase (bottom panel of Figure 6.6) [282, 283] except for two peaks at 40° 

and 46.5° were assigned to Pt peaks (*, green) in the substrate. No change in the XRD patterns 

was observed for MnOx films of different thicknesses (up to 26 nm) on TaON, revealing that the 

MnOx overlayer films are amorphous. No diffraction peaks arising from any secondary phases 

can be seen, however, note that XRD may not be able to detect small amounts of amorphous 

TaOxNy, which may still be present in the film.  
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Figure 6.6. X-ray diffraction patterns for TaON (red) and MnOx films with different thicknesses 

 (2, 7, and 26 nm) on TaOxNy are shown in different shades of green. Bragg peaks of the monoclinic β -

TaON phase (red, PDF # 01-083-4964) and platinum (gray, PDF # 00-001-1194) are included in the 

lower panel for comparison. 

 

 

 

The cross-sectional transmission electron microscopy (TEM) images were conducted at the 

Fritz-Haber Institute, Berlin, Germany. A cross-sectional TEM image of a 26 nm thick MnOx 

film on TaOxNy is shown in Figure 6.7. Protection layers of platinum/carbon (Pt/C) have been 

added to minimize sample heating caused by the focused electron beam used during the TEM 

measurement. The TaOxNy is found to be very porous, while MnOx uniformly covers the 

TaOxNy. The thicknesses of MnOx were estimated by TEM and are nearly the same as those 

measured by spectroscopic ellipsometry. The values of MnOx thicknesses obtained by TEM are 

tabulated in Table 6.1. Each thickness obtained by TEM is an average value from more than 100 

different positions on the sample. A Gauss fit was applied to the generated thickness histograms 

to provide an average thickness, reported in Table 6.1, with an error ± one standard deviation.  



  6.3  Experimental Results and Discussion  113 
 
 

 

 

 
Figure 6.7. Cross-sectional TEM image of the sample layers, including Pt/C protection layers  

on the top, then 26 nm MnOx (dark contrast) on porous TaOxNy followed by Ti-Pt-Ti on quartz in black 

at the bottom. The inset shows a magnified area for the formation of a 26 nm MnOx layer in black on the 

top of the porous TaOxNy. 

 

The roughness of the MnOx film on TaOxNy was also measured by TEM and quantified as the 

“relative surface roughness” (RSR) factor. The RSR factor is defined here as the cross-sectional 

length of the surface measured along the tilted surface at the interface (orange line in Figure 

6.8) divided by the cross-sectional length of the surface projected onto the global surface (blue 

line in Figure 6.8). Table 6.1 includes the RSR values, which reveals that the MnOx surface’s 

roughness decreases as the MnOx film thickness increases. These RSR values will be used later 

in the SESSA simulation of the HAXPES data. 

 

Table 6.1. The average thickness and roughness of MnOx films. 

 

Sample name Average size of MnOx films obtained 
by TEM ± error /nm 

Relative Surface Area 
(RSR) 

2 nm MnOx/TaOxNy 2.07 ± 0.051 1.092 

5 nm MnOx/TaOxNy 5.25 ± 0.191 1.079 

7 nm MnOx/TaOxNy 7.50 ± 0.101 1.049 

26 nm MnOx/TaOxNy 26.1 ± 0.327 1.061 
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Figure 6.8. Cross-sectional TEM image showing the roughness morphology of MnOx  

(dark black) on the TaON (light gray). The orange line expresses the length of the surface measured 

along the tilted surface at the interface, while the length of the surface projected onto the global surface 

is shown in blue. 

 

 

The energy-dispersive X-ray (EDX) elemental mapping of MnOx on TaOxNy is shown in Figure 

6.9. The TaOxNy film is found to be very porous, while MnOx uniformly covers and generally 

follows the roughness of the TaOxNy film and penetrates its pores. 

 

 
Figure 6.9. EDX elemental mapping of 7 nm MnOx layer on the top of TaOxNy with  

Mn in green and Ta in red. 
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To probe the elemental composition and the chemical state at the MnOx/TaOxNy interface, 

HAXPES spectra were acquired at two excitation energies 2003 eV and 4000 eV in order to get 

complementary information for different probing depth. Figure 6.10 shows a survey spectrum 

for 5 nm MnOx/TaOxNy, which confirms the presence of Ta, O, N, Mn, and C element signals 

with no trace of impurities. Core levels of Ta 4f, O 2s, Mn 2p3/2, Mn 3s, Ta 4p3/2, N 1s, C 1s, and 

the valence band were analyzed and studied herein in detail in order to understand the electronic 

structure and chemical composition at the interface of MnOx/TaOxNy. The Survey spectra for all 

the investigated samples are displayed in Figure C.1 in Appendix C. 

 

 

 
Figure 6.10. The survey spectrum of 5 nm MnOx/TaOxNy sample measured at the 2003 eV excitation  

energy. 

 

 

Ta 4f + O 2s HAXPES spectra in the binding energy range from 17 to 34 eV and 13 to 34 eV 

measured at the two excitation energies, 2003 eV (left panel) and 4000 eV (right panel), 

respectively, are shown in Figure 6.11. The spectra were measured at the same spot for both 

excitation energies, 2003 and 4000 eV, for a fair comparison. The spectra in each panel of Figure 

6.11 are separated vertically according to the thickness of the MnOx overlayer, from 0 nm MnOx 

(top), which is used as a reference for the underlying TaOxNy photoabsorber, to 26 nm MnOx 

(bottommost) used as a reference for the MnOx overlayer. The Ta2O5 reference spectrum 
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measured at 2003 eV is added to the left panel (topmost) to allow guidance for peak positions 

assigned to Ta2O5. There is a primary Ta 4f region (red and yellow deconvoluted peaks) in the 

binding energy range from 24 to 30 eV with a broad overlapping peak originating from O 2s, 

which extends from 17 eV to 30 eV. 

 

 
Figure 6.11. Tantalum 4f + Oxygen 2s photoemission spectra for different MnOx thicknesses on the  

TaOxNy photoabsorber substrate. Spectra were collected at two different excitation energies, a) 2003 eV 

and b) 4000 eV. The MnOx thickness increases from 0 nm (top spectrum) to 26 nm (bottommost 

spectrum). The Ta2O5 reference spectrum measured at 2003 eV is added to the left panel (topmost 

spectrum). The inset figures show the change in the total area percentage of the Ta 4f peak due to 

TaOxNy and Ta2O5 as a function of MnOx thickness. 
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Two regions for O 2s are separated and can be seen in Figure 6.11, one is located in a higher 

binding energy region of ~ 23-24 eV, indicated by the green peak, and the other region is located 

at a lower binding energy of 22 eV, which is indicated by the blue peak. The O 2s peak at the 

higher binding energy is assigned to Ta-O[284], as seen for the Ta2O5 reference spectrum (at the 

topmost of the left panel). While the O 2s peak in the lower binding energy region increases 

with increasing MnOx thickness, which shows that this oxygen species arises from the MnOx 

overlayer.[285] Due to a lack of data in the literature and databases about exact binding energies 

and FWHM of  O 2s spectra, the asymmetric peak of O 2s (blue peak in Figure 6.11) was taken 

into account which assigned to MnOx at 21.75 eV with oxygenated carbon species at the tail of 

the peak. It can be seen that the asymmetry factor is less pronounced for the spectra at 4000 eV 

since it is less surface sensitive; thus, less sensitive to oxygenated carbon species that arise from 

surface contamination. These oxygenated carbon species, such as C-O=C and C-O-C, are also 

confirmed by the C 1s spectra (Figure 6.15). 

According to literature,[286, 287] the energy difference between the Ta 4f peak for TaON and Ta2O5 

is kept fixed to 0.55 eV, at both excitation energies 2003 and 4000 eV. Interestingly, the relative 

area of the Ta 4f peak attributed to Ta2O5 decreases with increasing MnOx overlayer thickness, 

as shown by the yellow curve in the insets of Figure 6.11. This was seen at both excitation 

energies, which probe different depths of the sample; however, this behavior is shown up to 5 

nm MnOx thick film. Using the fact that the spectra collected at 2003 eV are more surface 

sensitive than that obtained at 4000 eV, it can be deduced that the Ta2O5 layer is located at the 

surface of the TaOxNy photoabsorber since the Ta2O5 peak area for the bare TaOxNy absorber at 

2003 eV is higher than that at 4000 eV. The presence of Ta2O5 species in all samples is explained 

by partial surface oxidation of the TaOxNy substrate due to exposure to air. From an energy 

diagram point of view, the presence of the Ta2O5 layer on the TaOxNy photoabsorber hinders 

hole transfer since there is an unfavorable mismatch in the valence band-edge levels between 

Ta2O5 and TaON. [273, 275, 279] The reduction in the fractional amount of Ta2O5 with the increasing 

amount of MnOx implies that part of the role of the MnOx co-catalyst layer on the TaOxNy 

absorber may be to reduce the amount of Ta2O5, thereby facilitating hole transfer. This will be 

discussed further in the following sections.  

 

 

Manganese is a TM characterized by multiplet splitting features in their 2p spectra. [155, 288] In 

general, the multiplet splitting feature arises when an atom contains unpaired electrons in the 

outer shell. In the photoemission process, the core-electron is ionized upon irradiation, leaving 
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a core vacancy behind. In such a case, the unpaired core-electron may be coupled to an unpaired 

electron in the outer shell, creating a number of final states, which appear in the XPS spectrum 

as multiplet splitting (i.e., several peak components in their 2p spectra).[155, 288] Consequently, all 

Mn oxidation states, including MnII, MnIII, MnIV, and MnVI, give rise to multiplet splitting in 

their 2p spectra except MnVII species since MnVII does not have unpaired d electrons.[155] For 

quantitative analysis of the Mn oxidation states from the Mn 2p spectra, an adequate analysis of 

the multiplet splitting was considered. Figure 6.12(a-b) shows HAXPES spectra of the 

manganese 2p3/2  collected in the binding energy range of 632-650 eV at excitation energies, 

2003 eV and 4000 eV, at the same spot, to obtain a more comprehensive picture of the changes 

in oxidation states of the MnOx layers at the surface and the interface as a function of MnOx 

thickness. 

Biesinger et al. [155] and Nesbitt et al. [289] extensively studied XPS structures of Mn 2p3/2 for 

manganese oxide references in different oxidation states. They have shown that the XPS 

spectrum of MnIIO reference has a clear fingerprint of broad and unique shake-up peak at energy 

~646 eV [155, 245, 289], which is not present for any other oxidation state. For instance, by 

comparing the measured Mn 2p3/2 spectra of the investigated MnOx on TaOxNy samples to that 

of MnOx references in literature, it can be seen there is a distinct broad peak at energy ~646 eV, 

which coincide with the spectral feature of the shake-up peak of the MnIIO reference. [155] This 

indicates that the investigated samples include a considerable amount of MnII. The presence of 

MnII in the samples is expected since the MnOx films are atomic layer deposited from MnII 

precursor (Bis(ethylcyclopentadienyl) manganese (II)). Although identifying the amount of a 

particular MnOx phase is challenging, it is shown that by fitting each XPS spectrum for the 

investigated samples using peak parameters reported in [155, 289] for MnOx reference spectra with 

a well-known structure, the contribution of a single-phase can be determined. To fit the spectra, 

we used the same relative area and binding energy separation for the multiplet splitting features 

for MnO and Mn2O3 in [155], and the birnessite-like phase (δ-MnO2) in [289]. The FWHM for all 

multiplet peaks was constrained to the same values for all samples (close to that in literature). 

The overall peak positions were allowed to vary within some reasonable bounds (i.e., binding 

energy position in literature ± 0.2 eV) while keeping the multiplet split component separation 

the same. All the parameters used for fitting the Mn 2p3/2 are shown in Appendix C (Table C.1).  

These fits are effectively highly constrained fits where the peak shape of the various MnOx 

components is kept constant and determined by the relative intensity and splitting of the various 

multiplet components. The fitting results showed that the MnOx samples of different thicknesses 

consist of a mixture of three MnOx phases: MnIIO, Mn2
IIIO3, and a Birnessite-like phase δ-MnO2. 

Similar attempts of fitting with a pure Pyrolusite (β-MnO2) phase were unsuccessful. 
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Figure 6.12. HAXPES spectra of manganese 2p3/2 of different MnOx thicknesses on TaOxNy and  
their corresponding fittings collected at photon energies (a) 2003 eV and (b) 4000 eV. The MnOx 

thickness increases from 0 nm (topmost spectrum) to 26 nm (bottommost spectrum). Mn 2p3/2 spectra 

have a significant multiplet splitting for MnO (in red), Mn2O3 (in blue), and birnessite-like phase (in 

yellow). (c) and (d) are the percentages of the total peak area of each MnOx phase for samples 2, 5, 7, 

and 26 nm MnOx measured at excitation energies, 2003 eV, and 4000 eV, respectively. The percentage 

plotted with error bars of ±1.5 standard deviation. However, the total accuracy is estimated to be 

approximately ± 5%. 
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The lower percentages of the Mn2O3 and the birnessite-like phase for the 7 nm MnOx film at 

2003 eV compared to that at 4000 eV (Figure 6.12(c-d)) reveals the presence of these oxidized 

phases mostly at the interface of MnOx/TaOxNy, and a low proportion is existing at the surface 

since the 4000 eV is less surface sensitive and has larger probing depth than the 2003 eV. For 

example, the probing depth (~3λIMFP) at 4000 eV photon energy (or 3360 eV electron kinetic 

energy) in MnO is ca. 15.0 nm [206] compared to a probing depth of ca. 7.3 nm at 2003 eV photon 

energy.[206, 290] The IMFP values are calculated using the QUASES-IMFP-TPP2M software [206] 

developed by S. Tougaard based on the Tanuma Powell and Penn algorithm.[290, 291]  

This interpretation implies that upon coupling MnO film deposited from the MnII-precursor to 

Ta2O5/TaOxNy substrate, MnO at the interface is oxidized into Mn2O3 and a birnessite-like phase. 

Since the Ta 4f spectra in Figure 6.11 showed a reduction of the Ta2O5 amount with increasing 

the MnOx overlayer thickness, an oxygen source for the oxidation of MnO to Mn2O3 and 

birnessite-like phases could be the Ta2O5 layer. That is, during atomic layer deposition, the first 

MnOx layers at the interface steal oxygen from Ta2O5, leading to a reduction in the Ta2O5 amount 

at the interface and oxidization of MnO to the Mn2O3 and birnessite-like phase.  

In order to explain these interpretations thermodynamically, several chemical reactions of MnO 

with Ta2O5 have been investigated, whether they are thermodynamically uphill or downhill, as 

shown below in Table 6.2. By implementing the standard Gibbs free energy (∆Gf
0) of formation 

for the Ta2O5 and MnxOy compounds from Table 6.3, the standard-state free energy changes for 

the reaction (∆𝐺𝐺𝑜𝑜) per mole of oxygen is calculated and tabulated in Table 6.2. 

 

Table 6.2. Possible chemical reactions of MnO and Ta2O5 with the values of standard-state free  

energy changes (∆Go) per mol oxygen. 

Chemical reaction standard-state free energy 
changes (∆𝑮𝑮𝒐𝒐)  

/ [kJ/mol Oxygen] 

Equation 

  3 MnO + 2 Ta2O5    Mn2O3
  
+ MnO2 + 4 TaO2 + 1315 (6.1) 

  2 MnO + Ta2O5    Mn2O3 + 2 TaO2 + 1288 (6.2) 

  3 MnO + Ta2O5    Mn3O4 + 2 TaO2 + 1250 (6.3) 

10 MnO + Ta2O5    5 Mn2O3 + 2 Ta (s) + 230 (6.4) 

 

The Gibbs free energies of formation for all these reactions are positive, which indicates an 

uphill reaction (non-spontaneous), which is thermodynamically unfavorable. Note that all of 

these values are for bulk materials. Furthermore, there is no spectroscopic evidence that the 
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chemical reaction (Equ. 6.4) occurs since Ta metal should have a 4f peak at 21 eV. The reduction 

of Ta2O5 by MnOx at the interface despite the reactions being unfavorable in bulk can be 

explained by differences in the chemical properties of surface atoms from their bulk counterparts 

since they are on average more coordinatively unsaturated. 

 

Table 6.3. The standard Gibbs free energy of formation (∆𝑮𝑮𝒇𝒇𝟎𝟎) values under conditions 

(T = 400 K, P= 1 atm.), calculated for Mn3O4, Mn2O3, MnO2 according to the literature [292-296] 

Compound Symbol ∆𝑮𝑮𝒇𝒇𝟎𝟎 / [kJ.mol-1] 

Tantalum Penta oxide Ta2O5 -2105 

Tantalum dioxide TaO2 -313 

Manganese (II) oxide MnO -407 

Manganese (II/III) oxide Mn3O4 -1450 

Manganese (III) oxide Mn2O3 -1005 

Manganese (IV) oxide MnO2 -544 

 

 

 

To obtain a more comprehensive picture of the changes in the MnOx electronic structure, 

additional HAXPES spectra of Mn 3s were recorded at two excitation energies 2003 and 4000 

eV in the binding energy range of 76-100 eV (Figure 6.13). Two components in the Mn 3s 

spectra can be seen, originating from the exchange coupling between the 3s hole with the 3d 

valence electrons.[297] Interestingly, the magnitude of the peak splitting (ΔE) between the Mn 3s 

peaks has been interpreted as arising from the local spin of the 3d electrons such that the 

magnitude of the splitting is proportional to (2S+1), where S is the total spin of the Mn ion in 

the ground state.[298] E.g., the total spin of MnII ion (d5) is 5/2, then ΔE≈2(5/2)+1= 6 eV. Hence, 

ΔE can be used to provide information about the valence state of the Mn ions. 

As the oxidation state of manganese increases, the splitting between the two Mn 3s components 

(ΔE) decreases. This correlation was initially reported by Toupin et al. [299] and later by Ilton et 

al. [245] for pure MnOx phases where ΔE for MnO, Mn2O3, and MnO2 is 6.0, 5.4, and 4.4 eV, 

respectively. The Mn 3s spectra for the investigated samples in Figure 6.13 show a shift in the 

main blue peak to lower binding energy (red dashed line) while almost no shift for the other 

peak (black dashed line). 
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Figure 6.13. HAXPES spectra of manganese 3s of the investigated samples of  

different MnOx thicknesses and their corresponding fittings. Spectra were collected at photon excitation 

energies (a) 2003 eV (left panel) (b) 4000 eV (right panel). The MnOx thickness increases from 0 nm 

(topmost spectrum) to 26 nm (bottommost spectrum). The splitting value between the two components 

is indicated for each spectrum.  

 

Furthermore, the separation of the Mn 3s peaks increases with increasing the MnOx thickness, 

which is consistent with a decrease in the average Mn oxidation state of the film. By looking at 

the spectra for the same thickness at the two excitation energies (2003 and 4000 eV), it reveals 

that samples of 2 nm and 5 nm MnOx are composed of a combination of MnII, MnIII, and MnIV 

since ΔE values are in-between values for MnO, Mn2O3, [245] and Birnessite references while 

bulk MnOx samples (26 nm thin film) is mainly composed of MnII. For the 7 nm MnOx sample, 

ΔE is much smaller at excitation energy 4000 eV compared to 2003 eV. Since 4000 eV probes 

more deeply into the MnOx film than the 2003 eV measurements, this is consistent with the more 
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highly oxidized Mn phase being located at the MnOx/TaOxNy interface. These results are 

consistent with the Mn oxidation state changes obtained from the Mn 2p3/2 spectra, which 

confirms the oxidation of MnII to MnIII/MnIV at the interface between TaOxNy and MnOx.  

 

 

To further clarify the chemical composition at the MnOx/TaOxNy interface as a function of MnOx 

overlayer thicknesses, the HAXPES spectra of Ta 4p3/2 and N 1s core levels were studied and 

displayed in Figure 6.14(a) at 2003 eV. In this figure, the spectra in the binding energy range 

from 383 to 419 eV were de-convoluted into two peaks, the main peak (Ta 4p3/2) at high binding 

energy (403.8 eV) and a low binding energy peak (N 1s) at 397.1 eV similar to that reported in 

the literature [279, 284], which is assigned to Ta-N bonds. There are two peaks of Ta 4p3/2, one peak 

at 404.7 eV assigned to Ta2O5, and the other peak at 403.8 eV assigned to TaON. By keeping 

the binding energy difference between the two components of the Ta 4p3/2 fixed, it revealed that 

the relative peak area of Ta 4p3/2 due to Ta2O5 to that for TaON is reduced by increasing the 

thickness of the MnOx overlayer, which is in accordance with the results of Ta 4f in Figure 6.11. 

There is no Ta signal for 26 nm MnOx on TaOxNy. Figure 6.14(b) shows relative peak area ratios 

of the N 1s to the Ta 4p3/2 (TaON) as a function of MnOx overlayer thickness. This ratio is 

indicative of the relative amount of nitrogen in the TaOxNy. It shows that by depositing MnOx 

on TaOxNy, the relative peak ratio of N 1s to Ta 4p3/2 decreases, which can be attributed to a loss 

of N content related to the contaminated carbon species (C-N) in the TaOxNy, as revealed by the 

C 1s spectra in Figure 6.15. This also explains the shift of the N 1s peak in the bare TaOxNy film 

to lower binding energy upon depositing MnOx, reflecting a change in the chemical environment 

on the N in the TaOxNy as a result of the loss in the C-N content. 
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Figure 6.14. a) Ta 4p3/2 and N 1s photoemission spectra for different MnOx thicknesses on the  

TaOxNy photoabsorber substrate collected at 2003 eV. The MnOx thickness increases from 0 nm 

(topmost spectrum) to 26 nm MnOx (bottommost spectrum). b) The Area ratio of N 1s to Ta 4p3/2, both 

as a function of MnOx thickness. c) The change in the binding energy between the main peak of Ta 4p3/2 

and the N 1s. 

 

 

Since the samples were exposed to air, adventitious carbon contamination is expected. By de-

convoluting the C 1s core-level spectra reported in Figure 6.15 of the TaOxNy bare substrate 

(i.e., 0 nm MnOx on TaOxNy), three components centered at BE 285.3, 286.2, and 289.75 eV, 

corresponding to C-N, C–O–C, and O–C=O (oxygenated carbon) type bonds, respectively.[300-

302] As the ultra-thin MnOx films are atomic layer deposited from Bis(ethylcyclopentadienyl) 

manganese (II) [with the linear formula Mn(C5H4C2H5)2], the samples after deposition also show 

carbon species. The C 1s core-level spectrum of the 26 nm MnOx/TaON showed three 

components at BE 284.8, 286.2, and 288.4 eV, corresponding to C-C, C–O–C, and C–OH type 
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bonds, respectively.[300-307] By depositing MnOx layers, there is a decrease in the peak area of the 

C-N component, which may also explain the reason for the shift in BE of the  N 1s peak in 

Figure 6.13(b), mentioned above. 

 

 
Figure 6.15. Carbon 1s HAXPES spectra for different MnOx thicknesses on the TaOxNy substrate,  

deconvoluted into 5 components: O–C=O (turquoise), C–O–C (blue), C–N (violet), C–OH (orange), 

and C–C (green) type bonds. Spectra were collected at photon excitation energies, (a) 2003 eV , and (b) 

4000 eV. The spectra are separated vertically according to the MnOx thickness from 0 nm (topmost) to 

26 nm (bottommost). 

 

 

To investigate the effect of increasing the MnOx thickness on the valence band (VB) structure, 

HAXPES measurements were conducted to identify the VB edge position vs. the Fermi level. 

Figure 6.16(a) shows the VB HAXPES spectra of different MnOx film thicknesses (2, 5, 7, and 
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26 nm) on TaOxNy samples. The VB spectra for Ta2O5 bare substrate (light green) and TaON 

photoabsorber substrate (red) were also added as references to Figure 6.16 to compare their VB 

edges with that of the MnOx/TaOxNy films. The valence band maximum (VBM) position for 

Ta2O5 and TaON is found to be 3.9 eV and 2.3 eV vs. Fermi level, respectively, which is in line 

with VBM positions in literature.[272, 273]   

 
Figure 6.16. (a) HAXPES valence band spectra for different MnOx thicknesses (5 nm in blue,  

7 nm in green, 26 nm in violet) on the TaOxNy photoabsorber substrate at 2003 eV photon excitation 

energy. The valence band spectra for the TaON (red) and Ta2O5 (light green) bare substrates were added 

as references for comparison. (b) Valence band edge position vs. Fermi level as a function of MnOx 

thickness. The schematic energy diagram in (b) illustrates the relative valence band edge for TaON with 

Ta2O5 and TaON with MnOx. 
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Upon depositing MnOx layers on the TaON photoabsorber, the VBM shifts to lower binding 

energy. However, increasing the MnOx thickness beyond 7 nm does not shift the VBM any 

further, as shown in Figure 6.16. The VBM position to Fermi level for 2, 5, 7, and 26 nm 

MnOx/TaOxNy is 1.1 ± 0.05 eV,  0.9 ± 0.1 eV, 0.8 ± 0.1 eV, and 0.8 ± 0.1 eV, respectively. The 

VBM of MnO, Mn2O3, and MnO2 references is reported as 0.8, 1.2, and 2 eV, respectively.[285] 

The 26 nm MnOx valence band spectrum (green) shows an intense feature at ~3.7 eV (Figure 

6.16(a)), which is compatible with Mn 3d intensity while the high binding energy shoulder at 

~7 eV consists largely of O 2p character, which is in agreement with features in the calculated 

valence band obtained from a MnO.[285] This also confirms that the 26 nm MnOx film is mostly 

composed of the MnIIO phase. The shift of the VBM upon depositing MnOx co-catalyst and with 

increasing the MnOx thickness can explain the enhanced PEC performance (Figure 6.5). 

Importantly, the VBM positions of the MnOx and TaON photoabsorber facilitate transferring 

holes from the TaON photoabsorber to the MnOx surface at which water oxidation reaction 

occurs, as clarified in the schematic illustration in Figure 6.16(b). 

The MnOx co-catalyst in this study showed three advantages: First reduces the inactive and 

insulating Ta2O5 layer at the surface of the TaOxNy photoanode. Second, the well-matched 

valence band at the MnOx/TaON interface facilitates the transfer of the photogenerated holes 

from the TaON photoanode to the MnOx surface for the OER reaction. Third, the oxidation of 

the MnOx overlayer at the surface and interface of MnOx/TaOxNy to MnIII and MnIV oxide 

species is believed to play a crucial role in enhancing the photoelectrochemical activity of MnOx 

as a co-catalyst on TaOxNy photoanode. This is in good agreement with our findings in Chapter 

4 and Chapter 5 and accords with previous studies showing that the MnIII/IV oxide species are 

active species and function as efficient water oxidation catalysts.[39, 43, 44, 113, 145] However, the 

experimentally observed phenomenon regarding the oxidation of MnO at the interface in parallel 

to the reduction of the inactive Ta2O5 is still not fully understood of whether the source of 

oxygen, oxidizing the MnO is Ta2O5. Thus, to get a more in-depth insight into understanding 

this observation, numerical simulations and calculations are applied. 

 

 Numerical Simulation 

As a first step to better understand the experimental results regarding the reduction of the Ta2O5 

layer during MnOx deposition and oxidation of MnO at the MnOx/Ta2O5-TaOxNy interface, the 

number of oxygen atoms reduced in the Ta2O5 layer is calculated and compared to the number 

of oxygen atoms gained upon oxidizing the MnO to MnO2 and Mn2O3. To do so, simulations of 

HAXPES data were performed using the “Simulation of Electron Spectra for Surface Analysis 
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(SESSA)” software.[226, 227] These simulations were made first to calculate thicknesses of the 

Ta2O5 and the MnOx (i.e., Mn2O3 and MnO2) layers as a function of the deposited MnO layer. 

The SESSA application involves the construction of a model of a multi-layered structure, as 

schematically illustrated in Figure 6.4. The layered structure includes TaON as a substrate, with 

Ta2O5 on the top, followed by 3 MnOx overlayers arranged according to the Mn 2p3/2 HAXPES 

experimental results, in which MnO2 and Mn2O3 are interfaced with Ta2O5, then MnO at the 

very top of the sample. The TaOxNy stoichiometry used in the simulation is TaON.  

The thickness of the Ta2O5 layer at the interface of MnOx/TaON has been estimated as well as 

the thicknesses of the MnOx overlayers using SESSA simulations, as follows: First, I considered 

a monolayer of Ta2O5 with a thickness of ~0.3 nm as a preliminary layer supported on a TaON 

substrate. Second, the Ta2O5 layer thickness is systematically varied until the relative 

photoelectron intensity ratio of Ta 4f (Ta2O5) to the Ta 4f (TaON) matches the experimentally-

determined values reported in Figure 6.11 for the bare substrate. Third, three MnOx layers atop 

the Ta2O5/TaON sample surface are added, as shown in Figure 6.4, with any preliminary 

thicknesses such that the total thickness of the three MnOx overlayers (MnO, Mn2O3, and MnO2) 

is equal to the average MnOx thickness determined by cross-sectional TEM in Table 6.1. For 

example, TEM measurements for the so-called “2 nm MnOx/TaON” sample showed an average 

thickness of 2.07 nm MnOx, so the total thicknesses of the three layers of MnO2, Mn2O3, and 

MnO should be equal to 2.07 nm. 

Fourth, the thicknesses of the three layers of MnO2, Mn2O3, and MnO were systematically 

varied, keeping the total thickness the same, until the normalized relative integrated 

photoelectron intensity ratio of Mn 2p3/2 (MnOx overlayers) to the Ta 4f (Ta2O5) match those in 

the experimental results. In other words, the relative peak area of Ta 4f (Ta2O5) to Ta 4f (TaON), 

and the relative peak area of Mn 2p3/2 (MnOx layers), are identical to those from the experimental 

results in Figure 6.11 and Figure 6.12(c-d). Simulations were done at the two-photon excitation 

energies, 2003 eV and 4000 eV, for the four samples, 0, 2, 5, and 7 nm MnOx/TaON. 

Two model systems were considered in the calculations: (1) a model with flat or planar layers, 

and (2) a model at which the layers has a degree of roughness that is more closely resembling 

the actual morphology based on data provided by the cross-sectional TEM in Figure 6.7 - 6.8 

and Table 6.1. Various aspects of information for the sample, type and energy of the source, 

experimental geometry, spectrometer settings, and other parameters should be carefully 

implemented in SESSA software for reliable results.  

Firstly, the sample parameters are: The atomic densities (number of atoms per unit volume) of 

Ta2O5 and TaON are equal to 8.6517 × 1022 cm-3 [308] and 9.3789 × 1022 cm-3 [309], respectively. 
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While the atomic densities for MnO [310], Mn2O3 
[311], and MnO2 [312] are equal to  9.569 × 1022  

cm-3, 9.540 × 1022  cm-3, and 1.0754 × 1023  cm-3, respectively. The atomic densities used are for 

the bulk materials. The energy bandgap between the valence and conduction bands of Ta2O5 and 

TaON was set to 3.9 eV and 2.4 eV, respectively.[36, 272, 273] While the bandgap of MnO, Mn2O3, 

and MnO2 was set to 3.6 eV, 2.2 eV, and 1.77 eV, respectively.[36, 277, 278, 313, 314]  

Secondly, the geometric parameters were implemented in SESSA in a way that resembles the 

experimental geometry. The orientation of the photon source axis with respect to the sample 

surface normal, and the analyzer axis, and the photon polarization vector are specified in SESSA 

in spherical coordinates in a fixed frame of reference using two angles: (1) φ-angle is the angle 

that rotates counterclockwise around the z-axis starting from the +x-axis, (2) θ-angle is the angle 

that rotates clockwise around the y-axis starting from +z-axis. Table 6.4 shows the geometric 

settings used in our simulations based on the HIKE experimental setup using X-ray from 

beamline KMC-1, BESSY II, Germany.  

 

Table 6.4. Geometric settings implemented in SESSA software according to the experimental 

arrangement for the investigated MnOx/TaON samples (see Figure 6.4). The red line in the 

diagram shows the direction of each orientation axis with respect to spherical coordinates in a 

fixed frame of reference. 

Orientation of φ-angle θ-angle Diagram 

 

sample surface normal 

 

350º 

 
 

90º 

 
 

Analyzer axis (𝑃𝑃�⃗ ) 

 

0º 

 
 

90º 

 
 
 

Source axis 

 
 

270º 

 
 

90º 

 
 

Polarization vector (𝜀𝜀) 

 
 

0º 

 
 

90º 
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Furthermore, according to equation (2.13), as the synchrotron photon momentum vector 𝑘𝑘�⃗  is 

applied horizontally in the same plane of the photon polarization vector 𝜀𝜀 and the photoelectron 

direction 𝑃𝑃�⃗ , the angle 𝑠𝑠 is equal to 0°. In our simulations, the angle between the photoelectron 

direction 𝑃𝑃�⃗  and the normal 𝑙𝑙 to the sample surface is 10°. 

The estimated thicknesses of the Ta2O5 and the MnOx layers (MnO-Mn2O3-MnO2) resulted from 

SESSA simulation, at excitation energies, 2003 and 4000 eV, considering planar and rough 

layers are presented in Figure 6.17(a-d), and values are tabulated in Table C.2 and Table C.3, 

respectively. 

 

 

 
Figure 6.17. SESSA simulations of the thicknesses of Ta2O5 and MnOx overlayers  

(MnO, Mn2O3, and MnO2) as a function of deposited MnOx thickness. The calculations were carried out 

using the photon excitation energy (hv = 2003 eV), modeling the layers as (a) planar, and (b) rough, and 

at hv = 4000 eV, assuming (c) planar layers, and (d) rough layers. 

 

Results showed that the calculated thicknesses of Ta2O5 and MnOx layers obtained at the 2003 

eV excitation energy are very close to that at 4000 eV, as shown in Figure 6.17(left vs. right 

panel), which is expected since spectra at both excitation energies were collected at the same 

spot on the sample. Moreover, no significant differences can also be observed for the two 

different morphological models, the planar and the rough 3D surface, at the two excitation 

energies (2003 eV and 4000 eV). Simulation results showed that the Ta2O5 layer thickness 
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decreases from 1.58 to 0.76 nm, with MnOx deposition up to 7.5 nm, with a percentage of 52% 

(Figure 6.18). The thicknesses of the Mn2O3 and MnO2 layers at the interface increase with 

increasing the MnO overlayer. An average thickness of Ta2O5 and MnOx layers at 2003 eV and 

4000 eV (daverage) using the planar model was used to estimate the number of O atoms in each 

layer. Nevertheless, the thicknesses values assuming rough layers at 2003 and 4000 eV are also 

tabulated in Table C.3 for comparison. 

 

 

 
Figure 6.18. The calculated Ta2O5 thickness using SESSA as a function of increasing  

the MnOx overlayer thickness at photon excitation energy 2003 eV (red) and 4000 eV (brown). The 

calculations were undertaken, modeling the TaON as a planar substrate with Ta2O5 on the top. The exact 

Ta2O5 thicknesses are tabulated in Table C.2. The inset shows the relative normalized integrated 

photoelectron intensities ratio of Ta 4f (Ta2O5) to Ta 4f (TaON). 

 

To estimate the amount of oxygen atoms reduced in the Ta2O5 layer compared to those oxidizing 

the MnO to Mn2O3 and MnO2 in each sample, the average thickness for each compound (Ta2O5, 

MnO, Mn2O3, and MnO2) at excitation energies 2003 and 4000 eV (Table C.2 and Table C.3) 

should be considered as well as knowing the number of O atoms per unit cell for each structure 

and the unit cell volume, assuming bulk-like densities of layers. Those values were obtained 

from the crystallography open database[315, 316]  and tabulated in Table 6.5.  
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Table 6.5. The atomic densities, cell volume, and the number of oxygen atoms per unit cell  

for bulk MnO, Mn2O3, MnO2, and Ta2O5 layers. 

Layers Atomic Density 
(#/cm3) 

Cell Volume 
(cm3) 

Number of oxygen 
atoms/unit cell References 

MnO 9.569 × 1022 8.360 × 10-23 4 [310] 

Mn2O3 9.540 × 1022 8.386 × 10-22 48 [311] 

MnO2 1.075 × 1023 5.579 × 10-23 4 [312] 

Ta2O5 8.652 × 1022 9.709 × 10-22 62 [308] 

 

The number of oxygen atoms that oxidizes MnO or reduced from Ta2O5 for each sample was 

calculated as follows, taking the 7.5 nm MnOx planar layers sample as an example: 

SESSA simulations showed that the 7.5 nm MnOx consists of 2.14 nm Mn2O3 + 1.75 nm MnO2 

+ 3.61 nm MnO on the top of 0.74 nm Ta2O5. The number of O atoms added to MnO to oxidize 

it to Mn2O3 and MnO2 is calculated as follow 

 

1) For  2.14 nm Mn2O3 

- For 1 cm2 area of bulk Mn2O3, 48 oxygen atoms exist in Mn2O3 of 8.386 × 10-22 cm 

thickness.[311] So, the total number of O atoms existing in Mn2O3 of 2.14× 10-7  cm thickness 

is 12.2 × 1015  O atoms. 

Based on the oxidation reaction of MnO to Mn2O3 [i.e., 2MnO + O  Mn2O3], there is only one 

O atom out of the three O atoms in Mn2O3 is added to MnO to oxidize it to Mn2O3 

Therefore, ∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀→𝑀𝑀𝑖𝑖2𝑀𝑀3(number of O atoms added to MnO to oxidize it to Mn2O3) should be 

one-third of the total number of O atoms in the 2.14 nm Mn2O3, which is equal to 4.07 × 1015 O 

atoms. 

2) For  1.75 nm MnO2 

- For 1 cm2 area of MnO2, 4 O atoms exist in MnO2 of 5.579 × 10-23 cm thickness.[312] So, the 

total number of O atoms existing in MnO2 of 1.75 × 10-7 cm thickness is 12.5 × 1015 O 

atoms. 

Based on the oxidation reaction of MnO to MnO2 [i.e., MnO + O  MnO2], there is one O atom 

out of the two O atoms in MnO2 is added to MnO to oxidize it to MnO2 

Therefore, ∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀→𝑀𝑀𝑖𝑖𝑀𝑀2(number of oxygen atoms added to MnO to oxidize it to MnO2) should 

be one-half of the total number of O atoms in the 1.75 nm MnO2, which is equal to 6.25 × 1015 
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O atoms. 

Therefore, the total number of O atoms added to MnO to oxidize it into 2.14 nm Mn2O3 and 1.75 

nm MnO2 (∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀) is 

                                                   ∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀 = ∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀→𝑀𝑀𝑖𝑖2𝑀𝑀3 + ∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀→𝑀𝑀𝑖𝑖𝑀𝑀2 

                                                                = (4.07 × 1015) + (6.25 × 1015) = 10.3 × 1015 atoms 

3) For 0.74 nm Ta2O5 

Upon deposition of 7.5 nm MnOx on Ta2O5/TaON, the Ta2O5 layer reduced by 0.82 nm, which 

is the thickness of Ta2O5 in the bare substrate (1.56 nm) minus the Ta2O5 thickness for 7.5 nm 

MnOx sample (0.74 nm), as tabulated in Table C.2. Here, the number of O atoms in 0.82 nm of 

Ta2O5 is calculated the same way as for the previous steps. 

- For 1 cm2 area of Ta2O5, 62 oxygen atoms exist in 9.709 × 10-22 cm thickness of Ta2O5.[308] 

Therefore, there are 5.24 × 1015 oxygen atoms (∆𝑁𝑁𝑇𝑇𝑎𝑎2𝑀𝑀5) in Ta2O5 of 0.82 × 10-7 cm 

thickness. 

 

The calculations indicate that the number of O atoms reduced from Ta2O5 (5.24 × 1015 atoms) 

constitutes almost half (51%) the number of oxygen atoms that oxidize MnO (10.3 × 1015 atoms) 

for a 7.5 nm MnOx sample considering a bulk-like planar layer. The percentages for other 

samples considering planar and rough layers are tabulated in Table C.2 and Table C.3, 

respectively. All the numerical results assuming planar or rough layers show that the number of 

O atoms reduced from Ta2O5 represents 43-52% of the number of oxygen atoms that oxidize 

MnO into Mn2O3 and MnO2. 

Three reasons can explain the difference in the number of O atoms that are reduced from Ta2O5 

to those oxidizing the MnO: The first is due to surface oxidation to samples, shown in the 

experimental results, and has not been considered in the calculation. The second reason may be 

due to a possible error in the thicknesses obtained from TEM, which are the basis of the 

calculated thickness. The third reason is that the atomic densities used in the calculation were 

for bulk materials that are not in compliance with amorphous MnOx samples, as confirmed by 

XRD in Figure 6.6. 

In order to prove the suggested factor, further calculations are made, first by correcting the 

thickness (𝒅𝒅𝒄𝒄𝒐𝒐𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅) and second by correcting the atomic density (∆ρ) until the number of 

oxygen atoms reduced in Ta2O5 is equal to the number of oxygen atoms that oxidizes the MnO 

(i.e., % of ∆𝑀𝑀𝑀𝑀𝑠𝑠𝑀𝑀
∆𝑀𝑀𝑇𝑇𝑇𝑇2𝑀𝑀5

=100 %). 
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First, the thickness (𝒅𝒅𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄) of each layer of MnO, Mn2O3, and MnO2 is reduced by sub nms, 

i.e., few monolayers, until the number of O atoms reduced in Ta2O5 is equal to the number of 

oxygen atoms which oxidizes MnO. The corrected thicknesses (𝒅𝒅𝒄𝒄𝒐𝒐𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅) for MnOx layers are 

tabulated in Table C.5 in Appendix C. The change in the thicknesses (𝒅𝒅𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄 − 𝒅𝒅𝒄𝒄𝒐𝒐𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅) are 

within the standard deviation error bars in Figure 6.19. The total accuracy is estimated to be 

approximately ± 5 %, which is within the experimental accuracy.  

 

 
Figure 6.19. Average thicknesses of MnO, Mn2O3, MnO2, and Ta2O5 layers, calculated using SESSA  
software for the TaON bare substrate, 2, 5, and 7 nm MnOx on Ta2O5/TaON assuming planar layers. 

The average layer thickness is the mean thickness at photon excitation energy 2003 eV and 4000 eV. 

The data are plotted with standard deviation error bars. Tabulated values for the thicknesses are 

provided in Table C.2. 

 

Second, the amorphization of the MnOx films is considered to resemble the actual structure of 

the deposited samples. This was done by reducing the atomic densities of the MnO, Mn2O3, and 

MnO2 until the number of O atoms reduced in Ta2O5 is equal to those oxidizing MnO. The 

corrected atomic densities values for MnOx layers are shown in Figure 6.20 and tabulated in 

Table C.6 in Appendix C. 
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Figure 6.20. Corrected atomic densities for the MnOx layers: MnO (green),  

Mn2O3 (brown), MnO2 (gray),  at which the amount of O reduced from the Ta2O5 is equal to those 

oxidizing the MnO into Mn2O3 and MnO2. The percentages show the reduction in the atomic densities 

after considering the amorphization of the MnOx layers. 

 

 

 Conclusions 

A 5-fold enhancement in the photocurrent was achieved upon the deposition of MnOx up to 5 

nm on the TaON photoanode. The chemical composition and electronic structure changes at the 

interface between the semiconducting photoanode (TaON) and co-catalyst (MnOx) systems were 

then investigated as a function of the thickness of the MnOx overlayer, aiming to understand the 

role of MnOx co-catalyst and the origin of the enhancement in the photocurrent. We employed 

the HAXPES spectroscopic technique for this purpose using two different excitation energies, 

2003 and 4000 eV, to obtain information from different probing depths within the films. The 

TaON films were first prepared by nitridation of Ta2O5 at 850 °C. The phase structure of the 

prepared TaON films was identified by XRD, which showed the formation of a pure β-TaON 

monoclinic phase. MnOx co-catalyst was deposited from MnII precursor using atomic layer 

deposition, producing different thicknesses of 2, 5, 7, 26 nm MnOx films atop the TaON 

photoabsorber. The structure and morphology of the samples were characterized in terms of 

XRD, TEM, and EDX. The MnOx thicknesses were measured by ellipsometry and confirmed 
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by cross-sectional TEM. 

HAXPES studies showed the presence of Ta2O5 layers at the surface of all samples, which was 

explained by partial surface oxidation of the TaON due to exposure to air. This Ta2O5 layer 

hinders hole transfer to the surface at which a water oxidation reaction occurs since there is an 

unfavorable mismatch in the valence band-edge levels between Ta2O5 and TaON. [273, 275, 279] This 

mismatch is confirmed experimentally from valence band spectra since the valence band 

maximum positions of Ta2O5 and TaON vs. the Fermi level are 3.9 eV and 2.3 eV, respectively. 

Furthermore, it was found that by depositing MnOx on the TaON photoabsorber, the amount of 

Ta2O5 at the interface reduces with the increasing thickness of MnOx, which implies part of the 

role of the MnOx co-catalyst layer may be to reduce the amount of Ta2O5, thereby facilitating 

hole transfer. In parallel to Ta2O5 reduction, there is an oxidation of the deposited MnO once it 

attaches to the Ta2O5 layer. By Fitting Mn 2p3/2 HAXPES spectra of the investigated samples 

using Mn 2p3/2 spectra of MnOx references of pure phases, it shows the formation of Mn2
IIIO3 

and a Birnessite-like phase δ-MnO2 (MnIII/IV) at the interface. It is interpreted as the MnO at the 

interface steals oxygen from Ta2O5, leading to a reduction of Ta2O5 at the interface in parallel to 

the oxidation of MnO to the Mn2O3 and birnessite-like phase. 

To confirm our hypothesis, insights from theoretical calculations using SESSA software were 

performed as a useful aid to better understand the experimental results. SESSA allowed the 

estimation of the thicknesses of Ta2O5, MnO, Mn2O3, and MnO2 layers. Then the calculations 

showed that the number of O atoms reduced in the Ta2O5 layer represents only half that gained 

by MnO and leads to oxidation of MnO to MnO2 and Mn2O3.  

An essential outcome of this study is that the deposition of manganese oxide catalysts on the top 

of the TaON-based photoanode enhances the water-oxidation activity of the photoanode by 

reducing the unfavorable Ta2O5 layer at the TaON surface. Favorable contact between tantalum 

oxynitride and transition metal oxide is critical not only to maintain the stability of photoanode 

but ultimately to achieve efficient transport of photogenerated holes to the surface for the water 

oxidation reaction.
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Summary and Outlook 

 

My Ph.D. studies reported in this thesis focused on characterizing the chemical composition and 

electronic structure of the transition metal oxide – MnOx films as a (co-)catalyst for water 

oxidation reaction using various synchrotron-based spectroscopic techniques. In this chapter, I 

summarize the findings based on the measurements shown in Chapter 4, Chapter 5, and Chapter 

6. In the outlook section, I briefly highlight my perspectives on future experiments, building on 

the experience accumulated with MnOx as a catalyst or co-catalyst to TaOxNy photoabsorber 

systems. 

 

 Summary 

One of the milestones in satisfying the steadily increasing energy demand of modern society is 

to produce energy from sustainable resources rather than using conventional non-renewable 

resources like fossil fuels, which is also a source of CO2, responsible for climate change and 

global warming problems. The efficient conversion of solar energy into chemical energy cleanly 

and sustainably would allow energy storage as solar fuels. However, achieving this remains one 

of the greatest challenges for the scientific community. (Photo-)electrochemical water splitting 

is a process that fulfills key criteria for energy storage and has been the subject of significant 

attention. An essential requirement for efficient water splitting is the development of catalysts 

for the mechanistically complex and sluggish water oxidation half-reaction: 2H2O → O2 + 4H++ 

4e-. In nature, this process is catalyzed within Photosystem II (PS II) by a calcium-manganese 

oxide complex. One approach to developing water oxidation catalysts is to mimic the natural 

process. To this end, manganese-based materials have spurred much interest and were chosen 

to be the specified sample studied in this thesis. MnOx has many advantageous properties like 

being non-toxic, innocuous, earth-abundant. It can exist in various oxidation states, 2+, 3+, 4+, 

5+, 6+, and 7+, making it highly flexible in carrying charges, charge rearrangement among Mn 

ions, and versatile to undergo a range of redox reactions. The various composition and structural 

characteristics of MnOx-based systems can offer a significant degree of freedom to formulate 

efficient catalysts. However, at the same time, the pathways to achieving such a goal are 

challenging. Thus, the thesis goal is to elucidate the electronic structure and the chemical 
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composition of a catalyst, which are crucial to understanding the water oxidation reaction 

mechanisms. 

Chapter 4 reports the electronic structure of the MnOx films electrodeposited from MnII 

electrolytes at different pH using the LiXEdrom experimental endstation coupled with soft X-

ray absorption spectroscopy (XAS). XAS is highly sensitive to the unoccupied states and can be 

employed to demonstrate the evolution of the Mn oxidation state among a range of MnOx films. 

The MnOx films electrodeposited under different pH showed diversity in their catalytic activity. 

In this study, seven samples were electrodeposited from electrolytes at different pH, A3, A2, 

A1, E0, B1, B2, and B3, ordered from highly acidic ‘A3’ to – neutral ‘E0’ – to highly basic ‘B3’ 

samples. Soft XAS has been performed at the Mn L2,3-edge and the O K-edge on these MnOx 

films, aiming to understand the influence of compositional changes of different MnOx phases in 

correlation with the previously identified catalytic activity of the samples. The XA spectra 

revealed a gradual increase of the overall mean Mn oxidation state with decreasing pH during 

the electrodeposition process. Fitting the XA spectra showed that all the MnOx catalysts include 

mixtures of Mn2O3, Mn3O4, and birnessite in different proportions. The amount of Mn3O4 is 

almost the same for the acidic and basic samples. The amount of MnO and MnO2 present in the 

samples is minimal (< 10%). The sample with the highest catalytic activity electrodeposited at 

neutral pH (i.e., E0) showed a composition of nearly equal amounts of the birnessite-like phase 

and Mn2O3. However, the catalytic activity gets worse when any of these phases dominate with 

less extent of Mn3O4. This study did not reveal an isolated single MnOx structural composition 

responsible for the optimally achieved catalytic activity, but the interplay of birnessite and 

Mn2O3 could drastically enhance the catalytic activity. Moreover, the findings of this study gave 

us the knowledge of investigating different MnOx catalysts and allowed us to control the 

preparation conditions to create efficient MnOx films. The study also paved the way toward an 

extensive in situ study of MnOx film electrodeposited near neutral condition, but under applying 

potentials under turnover conditions as reported in detail in Chapter 5. 

Using in situ soft XA and RIX spectroscopy, the transformations and electrochemical analysis 

in the deposited MnOx electrocatalysts induced by applying oxidizing potentials (0.75 — 2.25 

VRHE) was revealed. This potential range is selected to track the electronic structure changes of 

the MnOx catalysts before, during, and after the water oxidation reaction. The synergetic 

coupling of XAS with RIXS techniques allows to directly probe the unoccupied as well as 

occupied manganese 3d electronic valence states, which govern the functionality of the catalysts 

during water oxidation. [149] XAS was employed to demonstrate the evolution of the Mn 

oxidation state under applied potentials, while RIXS provided fine details of the electronic 

structure because the process is element selective and site-specific. In the RIXS process at metal 
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L-edges, an electron from spatially localized 2p orbitals is excited to the 3d unoccupied orbitals. 

This creates a core-hole that can be filled by an electron from the occupied metal 3d orbitals, 

releasing a photon. The energy difference between the incoming and outgoing photons is 

denoted as a “photon energy loss” and reflects the valence excitations, such as the d-d excitations 

and charge transfer transitions. The in situ XAS experimental results revealed that the Mn 

oxidation state in the MnOx film increases under applying more positive potential until a full 

transformation of the MnOx film into a birnessite state at ca. 1.45 VRHE (just before oxidation of 

water), then no further change in the Mn oxidation state occurs up to 2.25 VRHE. Whereas in situ 

RIXS analysis reveals changes in the electronic state of MnOx at potentials up to 1.75 VRHE. As 

confirmed by theoretical calculation, the continuous change in the RIXS spectra between 1.45 

and 1.75 VRHE suggests an extent changes in orbital hybridization between Mn 3d and O 2p, up 

to 1.75 VRHE, even after saturating the Mn oxidation state at 4+.  It reveals that charge transfer 

from O in the ligand to Mn metal is needed to bolster fast water oxidation catalyzed by MnOx 

achieved at 1.75 VRHE and did not enhance with the application of higher potentials (up to 2.25 

VRHE). No evidence for including manganese species with higher oxidation states than 4+ to the 

catalytic mechanism. The O— species associated with the CT is believed to be of crucial 

importance for efficient electrocatalytic water oxidation. 

Based on these findings, my Ph.D. study was extended onto the electronic structure of a more 

complex system of MnOx-TaON but efficient for solar water-splitting devices. The MnOx, as a 

water oxidation co-catalyst, is coupled to the TaON photoanode to improve the photoanode 

performance toward OER. The MnOx film thickness is crucial to the activity, likely due to 

changes in the chemical and electronic structure at the interface. Analogous to the MnOx system, 

Chapter 6 reports the electronic structure and chemical composition changes at the MnOx/TaON 

interface as a function of increasing the thickness of the MnOx overlayer (2, 5, 7, and 26 nm) 

using the HIKE experimental endstation coupled with hard X-ray PES (or HAXPES) technique. 

The MnOx co-catalyst deposited from MnII precursor using atomic layer deposition atop the 

TaON photoabsorber. The samples were characterized in terms of Voltammetry, XRD, TEM, 

and EDX. The MnOx thicknesses were measured by cross-sectional TEM. A 5-fold enhancement 

in the photocurrent is achieved upon the deposition of MnOx up to 5 nm on the TaOxNy 

photoanode. To understand this enhancement, the chemical composition and electronic structure 

of the samples were explored by the HAXPES study at two excitation energies, 2003 eV and 

4000 eV, to obtain information from different probing depths within the films. The probing 

depths are ~7.3 nm and ~15.0 nm at the excitation energies, 2003 eV and 4000 eV, respectively. 

The Ta 4f spectra reveal the existence of the Ta2O5 layer at the surface of TaON for all the 

samples (i.e., before depositing MnOx films on the TaON photoabsorber). This Ta2O5 layer is 
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unfavorable for water oxidation reaction since there is a mismatch in the valence band positions 

between Ta2O5 and TaON, hindering the transfer of photo-generated holes from the TaON to 

the surface where water oxidation occurs. The Ta 4f spectra also show that by depositing a 

thicker MnOx overlayer, the Ta2O5 at the interface reduces while MnO oxidizes into Mn2O3 and 

birnessite-like phase. These findings are also confirmed by studying the core levels of Mn 2p3/2, 

Mn 3s, Ta 4p3/2, N 1s, and C 1s. Our interpretation suggests that MnO at the interface consumes 

oxygen from Ta2O5, leading to a reduction of Ta2O5 and oxidation of MnII into MnIII/IV oxide. 

Quantitative analysis using SESSA simulations were then performed to calculate the thicknesses 

of the Ta2O5, MnO, Mn2O3, and MnO2 layers for each sample. Then the number of O atoms 

transferred from the Ta2O5 layer was calculated and estimated to be around half that oxidized 

the MnO to Mn2O3 and MnO2. An essential outcome of this study is the enhancement of the 

water-oxidation activity of the TaON-based photoanodes via the coupling of the MnOx co-

catalyst overlayer, reducing the inactive and unfavorable Ta2O5 layer, which would facilitate the 

photogenerated hole transfer process for the water oxidation reaction.  

 

 

 Outlook 

In this section, I am presenting my perspectives and thoughts on future experiments. 

Study of MnOx films on TaON in water vapor and bulk liquid 

In this dissertation, the interfacial electronic structure and chemical composition of MnOx co-

catalyst on the TaON photoanode is well-studied and investigated in the UHV environment. 

However, when the photoelectrode is inserted in aqueous electrolytes for water splitting 

catalysis, it is necessary to understand changes that occur to the surface chemistry when exposed 

to an electrolyte. For that, I propose an in situ and operando study of MnOx co-catalyst on TaON 

conducted in water vapor using soft X-rays-Near Ambient Pressure X-ray Photoelectron 

Spectroscopy (NAP-XPS). It will help to elucidate how exposure to the aqueous electrolyte 

affects the surface chemical composition of the MnOx films (particularly hydroxylation of the 

film) and the electronic structure of the interface. The results are, in general, relevant to 

understand modification to the system at the early stages of sample/aqueous electrolyte interface 

formation. The same measurements can be conducted using tender X-ray photoemission in the 

presence of a bulk-like electrolyte film. Tender X-rays will probe the manganese oxide films 

underneath a bulk-like electrolyte film. The interfacial properties can be studied as a function of 

changing conditions of applied bias and illumination with a solar simulator.  



7.2  Outlook  141 
 
 

 

Improving the efficacy of Manganese oxides catalysts - Doping in Nafion  

Manganese oxide nanoparticles were demonstrated to be a promising system for water oxidation 

catalysis.[46] Previous experiments showed that the catalysts exhibited high turnover frequencies 

for catalytic water oxidation when embedded into a Nafion membrane.[317] For that, the proposed 

study of MnxOy nanoparticles doped into a hydrophilic Nafion matrix is expected to enhance the 

stability of MnOx, allows spatial separation of MnxOy NPs, and sustaining efficient mass-

transport of water molecules to the catalytically active sites. This system already showed 

promising results.[146] However, more insights into the improved system of MnOx are still 

required. The size of the MnOx nanoparticles can be changed by using different manganese 

precursor complexes doped with Nafion.[46, 146] The catalytic activity strongly depends on the 

phase of the MnxOy -NP, which can change actively with particle size. The influence of the 

MnOx nanoparticle size on the evolution of metal-oxidation states, phase transformation, and 

the charge transfer transition between the oxygen in the ligand and the metal needs to be 

explored. For that, an in situ characterization using XAS/RIXS techniques would be an effective 

way to understand the valence excitations in the enhanced version of MnOx in Nafion. 
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Appendix A 
 

Supplemental information for Chapter 4 

 

Radiation Damage Study 

 

 

 
Figure A.1. Radiation damage study showing the Mn L2,3-edge TEY-XA spectra of pH treated MnOx  

thin films electrodeposited under acidic A1, neutral E0, and Basic B2 conditions. Spectra measured on a 

fresh spot are in red, while subsequent measurements on the same spot are presented in black. With the 

beamline settings used, spectra showed no changes either in the spectral features or the intensity. 
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Figure A.2. Radiation damage study showing the Mn L2,3-edge TEY-XA spectra of a) Mn2O3 and  

 b) MnO2 oxide powder taken at the same spot, starting with a very low photon flux as determined by 

opening the primary aperture located directly after the insertion device. The aperture increased from 0.1 

mm × 0.1 mm, where no Mn signal was detected, to 1.5 mm × 1.5 mm. The spectra started to change for 

Mn2O3 at an aperture of 1.0, while for MnO2 at an aperture of 0.75. All the spectra were collected with a 

beamline slit width of 20 μm. 
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Figure A.3. Mn L2,3-edge (2p → 3d transition) TEY-XA spectra for reference samples 

 (MnO2, K+ birnessite, Mn2O3, Mn3O4, and MnII resembling MnO).[56] The oxidation state for each 

reference spectrum is labeled in the gray box. 
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Figure A.4. O K-edge TEY-XA spectra for reference manganese oxide samples 

 (MnO2, K+ birnessite, Mn2O3, and Mn3O4).[56] The oxidation state for each reference spectrum is 

labeled in the gray box. MnO spectrum was excluded for the aforementioned reason stated within the 

text in Chapter 4. 

 

Table A.1. The concentration of the H+ and Ethylamine (EA) added to the Mn-precursor electrolyte 

used in the electrodeposition MnOx films.  

 

 

 

 

 

 

 

 

𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 [𝐇𝐇+]𝐂𝐂𝐚𝐚𝐚𝐚𝐚𝐚𝐂𝐂𝐚𝐚𝐚𝐚𝐚𝐚 𝐦𝐦𝐦𝐦a)

  
[𝐄𝐄𝐄𝐄]𝐂𝐂𝐚𝐚𝐚𝐚𝐚𝐚𝐂𝐂𝐚𝐚𝐚𝐚𝐚𝐚 𝐦𝐦𝐦𝐦 

A3 20 – 

A2 16 – 

A1 10 – 

E0 (2.7) – 

B1 – 6.3 

B2 – 31.5 

B3 – 126 
a) Values are based on a previously published work [75] 
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Table A.2. Contribution of MnOx phases fitted at the Mn L2,3-edge as a linear combination of  

references of pure phases (MnO-like, Mn3O4, Mn2O3, MnO2, and K+ birnessite) and the calculated error 

from the fitting algorithm.b) 

Catalyst MnO-like Mn2O3 Mn3O4 MnO2 K+ Birnessite 

𝜶𝜶 
% 

Error 𝜷𝜷 
% 

Error 𝜸𝜸 
% 

Error 𝜹𝜹 
% 

Error 𝜺𝜺 
% 

Error 

A3 3 0.8 0 1.6 32 2.3 7 2.0 58 2.4 

A2 3 0.1 0 1.5 31 1.8 4 0.2 62 2.3 

A1 2 0.6 2 1.2 33 1.5 3 1.5 60 1.9 

E0 0 0.7 67 1.4 4 1.7 2 1.8 27 2.2 

B1 0 0.9 57 1.7 29 2.0 0 2.1 14 2.6 

B2 0 0.6 79 1.2 21 1.4 0 1.5 0 1.8 

B3 0 0.6 75 1.2 25 1.4 0 1.4 0 1.7 

b) Each parameter is calculated with an error ±1 standard deviation. With a random variation of these parameters by 

approximately ± 5%, the spectra start to show notable deviations in the feature heights. Although the composition of the 

samples is only approximated within this error, it is possible to clearly trace the qualitative development of the Mn phases in 

the MnOx films as a function of pH. 

 

Table A.3. Contribution of MnOx phases derived from the fitting of the O K-edge XA spectra as  

a linear combination of MnOx phases references (Mn3O4, Mn2O3, MnO2, and K+ birnessite) after 

applying the parameters used for fitting Mn L2,3-edge XA spectra. 

Catalyst Mn2O3 % Mn3O4 % MnO2 % K+ Birnessite % 

A3 0 31 7 62 

A2 0 32 5 63 

A1 5 33 3 59 

E0 68 4 2 26 

B1 57 29 0 14 

B2 78 22 0 0 

B3 75 25 0 0 
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Figure B.1. In situ inelastic X-ray scattering a) raw spectra before any normalization  

procedure, and b) after background correction due to the noise at the MCP channels and normalization to an 

overall integrated intensity of 1. The spectra showed almost no change in the relative intensities of the 

elastic peak, d-d transition, and the charge transfer peak after normalization and background correction. 
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Figure B.2. Soft in situ PFY-XA spectra measured at the Mn L2,3-edge for MnOx in 0.1 M borate  

buffer (pH 9.2). The measurements were carried out after deposition with no potential applied (as dep. 

state or OCP, open circuit potential), then biasing the films with a random sequence of applied 

potentials, showing that the XA spectra are reversible and reproducible. The potentials are reported vs. 

reversible hydrogen electrode.  
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Figure C.1. Survey spectra for bare TaON substrate and 2, 5, 7, and 26 nm MnOx/TaOxNy samples 

 measured at the 2003 eV excitation energy. 
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Mn 2p3/2 HAXPES Fitting  

 

  Table C.1. Fitted peak parameters of Mn 2p3/2 using MnO, Mn2O3, and Birnessite references. 

Peak Peak Position (eV) FWHM Peak Area 
percentage within 

the total pattern (%) 

Comments 

Used in 
this work 

In 
literature  

Used in 
this work 

In 
literature  

Used in 
this work 

In 
literature  

 
Literature = [155, 

289] 
Fitted peaks of MnIIO (red, Figure 6.12) for 26 nm MnOx sample at 4000 eV photon energy 

 
M

nII
O

 

640.1 640.2 1.15 1.23 24.0 24.0 Multiplet 1 
641.0 641.1 1.15 1.23 27.8 27.8 Multiplet 2 
642.0 642.1 1.15 1.23 22.1 22.1 Multiplet 3 
642.9 643.0 1.15 1.23 12.5 12.5 Multiplet 4 
644.1 644.2 1.15 1.23 4.70 4.70 Multiplet 5 
645.9 645.9 3.30 3.50 9.10 9.10 Satellite 

Fitted peaks of Mn2
IIIO3  (blue, Figure 6.12) for 2 nm MnOx sample at 4000 eV photon energy 

 
M

n 2
III

O
3 

640.8 640.8 1.75 1.75 18.9 18.9 Multiplet 1 
641.9 641.9 1.75 1.75 44.5 44.5 Multiplet 2 
643.1 643.1 1.75 1.75 25.3 25.3 Multiplet 3 
644.6 644.6 1.75 1.75 8.50 8.50 Multiplet 4 
646.2 646.2 1.75 1.75 3.10 3.10 Multiplet 5 

Fitted peaks of Birnessite (yellow, Figure 6.12) for 2 nm MnOx sample at 4000 eV photon energy 

 
M

nII
 

638.7 639.75 0.87 0.87 1.80 1.80 MnII Multiplet 1 
639.9 640.95 0.87 0.87 1.28 1.28 MnII Multiplet 2 
640.7 641.75 0.87 0.87 0.75 0.75 MnII Multiplet 3 
641.6 642.65 0.87 0.87 0.54 0.54 MnII Multiplet 4 
643.1 644.15 0.87 0.87 0.54 0.54 MnII Multiplet 5 

 
M

nII
I  

639.6 640.65 0.87 0.87 5.92 5.92 MnIII Multiplet 1 
640.3 641.35 0.87 0.87 5.92 5.92 MnIII Multiplet 2 
641.1 642.16 0.87 0.87 6.87 6.87 MnIII Multiplet 3 
642.1 643.18 0.87 0.87 4.32 4.32 MnIII Multiplet 4 
643.5 644.55 0.87 0.87 1.66 1.66 MnIII Multiplet 5 

 
M

nIV
 

640.9 641.90 0.87 0.87 33.22 33.22 MnIV Multiplet 1 
641.9 642.92 0.87 0.87 21.26 21.26 MnIV Multiplet 2 
642.7 643.75 0.87 0.87 10.62 10.62 MnIV Multiplet 3 
643.7 644.78 0.87 0.87 3.32 3.32 MnIV Multiplet 4 
644.8 645.80 0.87 0.87 1.99 1.99 MnIV Multiplet 5 
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a) % of Ta 4f is for Ta2O5 while % of Mn 2p3/2 peak is for MnO, Mn2O3, and MnO2 

                            

7.5 nm 
MnOx/TaON 

 

5.25 nm 
MnOx/TaON 

2.07 nm 
MnOx/TaON 

bare TaON 

Sample 

Model I: Planar Layers 

MnO2 

Mn2O3 

MnO 

Ta2O5 

MnO2 

Mn2O3 

MnO 

Ta2O5 

MnO2 

Mn2O3 

MnO 

Ta2O5 

Ta2O5 
 

Layer 

4.10 

11.7 

84.2 

21.5 

14.1 

21.5 

64.4 

22.9 

19.2 

25.6 

55.2 

34.0 

39.9 

% of Ta 4f or 
Mn 2p3/2 peaka) 

hν = 2003 eV 

1.78 

2.16 

3.56 

0.76 

2.05 

1.45 

1.75 

0.81 

0.65 

0.62 

0.80 

1.29 

1.58 

𝒅𝒅𝟏𝟏 (nm) 

9.6 

18.3 

72.1 

12.0 

20.1 

24.8 

55.2 

12.3 

22.5 

27.4 

50.1 

20.4 

24.6 

% of Ta 4f or 
Mn 2p3/2 peak 

hν = 4000 eV 

1.73 

2.11 

3.66 

0.71 

1.82 

1.52 

1.91 

0.73 

0.63 

0.64 

0.80 

1.25 

1.53 

𝒅𝒅𝟐𝟐 (nm) 

1.75 

2.14 

3.61 

0.74 

1.94 

1.48 

1.83 

0.77 

0.64 

0.63 

0.80 

1.27 

1.56 

𝒅𝒅𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄 = 
𝒅𝒅𝟏𝟏+𝒅𝒅𝟐𝟐

𝟐𝟐
 (nm) 

Average Layer thickness 

± 0.02 

± 0.02 

± 0.05 

± 0.03 

± 0.12 

± 0.04 

± 0.08 

± 0.04 

± 0.01 

± 0.01 

± 0.01 

± 0.02 

± 0.03 

St. dev. Error 

 
 

10.3 

 
 

9.76 

 
 

3.49 

 

Oxidizes MnO 
(∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀) 

× 1015 atoms 

Number of oxygen atoms that 

 
 

5.24 

 
 

5.02 

 
 

1.83 

 

Reduced from 
Ta2O5 (∆𝑁𝑁𝑇𝑇𝑎𝑎2𝑀𝑀5)  

× 1015 atoms 

 
 

51 % 

 
 

51% 
 
 

 
 

52 % 

 

 
 

% of 
∆𝑀𝑀𝑇𝑇𝑇𝑇2𝑀𝑀5
∆𝑀𝑀𝑀𝑀𝑠𝑠𝑀𝑀

 

Table C.2. The thicknesses, the percentage of peak intensities due to Ta2O5, TaON, MnO,  

and the calculated number of oxygen atoms which oxidizes MnO layer or reduced in Ta2O5, assuming planar layers (model 1) at 2003 eV 

and 4000 eV excitation energies for the samples, 0, 2, 5, and 7 nm MnOx/TaON. 

Mn2O3, and MnO2 found in SESSA software,  
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a) % of Ta 4f is for Ta2O5 while % of Mn 2p3/2 peak is for MnO, Mn2O3, and MnO2 

 

                          

 

7.5 nm 
MnOx/TaON 
(RSR=1.049) 

 

5.25 nm 
MnOx/TaON 
(RSR=1.079) 

2.07 nm 
MnOx/TaON 
(RSR=1.092) 

bare TaON 

Sample 

 

MnO2 

Mn2O3 

MnO 

Ta2O5 

MnO2 

Mn2O3 

MnO 

Ta2O5 

MnO2 

Mn2O3 

MnO 

Ta2O5 

Ta2O5 

 

Layer 

4.1 

11.7 

84.2 

21.5 

14.1 

21.5 

64.4 

22.9 

19.2 

25.6 

55.2 

34.0 

39.9 

% of Ta 4f or 
Mn 2p3/2 peak 

hν = 2003 eV 

Model II: Rough Layers 

1.91 

2.17 

3.42 

0.74 

2.13 

1.43 

1.69 

0.75 

0.66 

0.63 

0.78 

1.20 

1.43 

𝒅𝒅𝟏𝟏 (nm) 

9.6 

18.3 

72.1 

12.0 

20.1 

24.8 

55.2 

12.3 

22.5 

27.4 

50.1 

20.4 

24.6 

% of Ta 4f or 
Mn 2p3/2 peak 

hν = 4000 eV 

1.79 

2.13 

3.58 

0.69 

1.86 

1.52 

1.87 

0.69 

0.64 

0.63 

0.80 

1.15 

1.43 

𝒅𝒅𝟐𝟐 (nm) 

1.85 

2.15 

3.50 

0.71 

2.00 

1.48 

1.77 

0.72 

0.65 

0.63 

0.79 

1.18 

1.43 

𝒅𝒅𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄 = 
𝒅𝒅𝟏𝟏+𝒅𝒅𝟐𝟐

𝟐𝟐
 (nm) 

Average Layer thickness 

± 0.059 

± 0.019 

± 0.078 

± 0.023 

± 0.135 

± 0.045 

± 0.090 

± 0.029 

± 0.012 

± 0.005 

± 0.007 

± 0.025 

± 0.002 

St. dev. Error 

 
 

10.7 

 
 

9.96 

 
 

3.52 

 

Oxidizes MnO 
(∆𝑁𝑁𝑀𝑀𝑖𝑖𝑀𝑀) 

× 1015 atoms 

Number of oxygen atoms that 

 
 

4.59 

 
 

4.55 

 
 

1.67 

 

Reduced from 
Ta2O5 (∆𝑁𝑁𝑇𝑇𝑎𝑎2𝑀𝑀5)  

× 1015 atoms 

 
 

43 % 

 
 

46 % 

 
 

47 % 

 

 
 

% of 
∆𝑀𝑀𝑇𝑇𝑇𝑇2𝑀𝑀5
∆𝑀𝑀𝑀𝑀𝑠𝑠𝑀𝑀

 

Table C.3. The thicknesses, the percentage of peak intensities due to Ta2O5, TaON, MnO,  

and the calculated number of oxygen atoms which oxidizes MnO layer or reduced in Ta2O5, assuming rough layers resembling real 

samples (model 2) at 2003 eV and 4000 eV excitation energies for the samples, 0, 2, 5, and 7 nm MnOx/TaON. 

Mn2O3, and MnO2 found in SESSA software,  
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Table C.4. The HAXPES fitting parameters of the core-levels spectra from Figure 6.11 to  

Figure 6.15 and valence band spectra in Figure 6.16 used for bare TaON and 26 nm MnOx/TaON (as 

references for TaON and MnO) at 2003, and 4000 eV excitation energies 

 2003 eV 4000 eV 

Peak position (eV) FWHM position (eV) FWHM 

Ta 4f7/2 TaON 25.58 0.78 25.7 0.78 
Ta2O5 26.13 0.95 26.25 0.95 

O 2s MnOx 21.7 2.37 21.74 2.62 
Ta2O5/TaON 23.00 2.37 23.12 2.37 

Mn 3s Peak 1 88.95 2.76 88.87 2.48 
Peak 2 82.98 2.73 82.90 2.58 

Ta 4p3/2 TaON 403.8 4.11 403.77 4.67 
Ta2O5 404.7 6.27 404.67 6.5 

N 1s TaON 397.1 0.86 397.14 0.93 
 
 

C 1s 

O–C=O 289.67 1.78 289.77 1.78 
C–O–C 286.29 1.90 286.39 1.90 

C-N 285.29 1.29 285.39 1.29 
C– OH 288.39 1.23 288.47 1.23 

C-C 284.82 1.17 284.90 1.17 

 

 

 

Table C.5. The corrected thicknesses of the planar MnO, Mn2O3, and MnO2 layers  (until the amount  

 of O transferred from the Ta2O5 is equal to the amount of O oxidizing the MnO into Mn2O3 and MnO2). 

Sample Layers 
𝒅𝒅𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄 

(nm) 

𝒅𝒅𝒄𝒄𝒐𝒐𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒅𝒅 

(nm) 

Corrected 

MnOx thickness 

% of Change 

in thickness 

 
2.07 nm 

MnOx/TaON 

MnO 0.80 0.80  
2.06 

 
-0.5% Mn2O3 0.63 0.63 

MnO2 0.64 0.63 
Ta2O5 1.27 1.27 

     5.25 nm 
MnOx/TaON 

MnO 1.83 1.75  
5.02 

 
-4.4% Mn2O3 1.48 1.45 

MnO2 1.94 1.82 
Ta2O5 0.77 0.77 

   7.5 nm 
MnOx/TaON 

MnO 3.61 3.56  
7.40 

 
-1.3% Mn2O3 2.14 2.11 

MnO2 1.75 1.73 
Ta2O5 0.74 0.74 
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Table C.6. The corrected atomic densities of the planar MnO, Mn2O3, and MnO2 layers (until the  

amount of oxygen transferred from the Ta2O5 is equal to the amount of oxygen oxidizing the MnO into 

Mn2O3 and MnO2). 

Sample Layers 

Bulk Atomic 

Density (#/cm3) 

 × 1022 

Corrected Atomic 

Density (#/cm3) 

 × 1022 

% of Change in 

atomic density (∆𝝆𝝆) 

 
2.07 nm 

MnOx/TaON 

MnO 9.57 8.75  - 9 % 
Mn2O3 9.54 8.65 - 9 % 
MnO2 10.8 9.68 - 10 % 
Ta2O5 8.65 8.65 0 % 

     5.25 nm 
MnOx/TaON 

MnO 9.57 9.23 - 4 % 
Mn2O3 9.54 9.01 - 6 % 
MnO2 10.8 9.90 - 8 % 
Ta2O5 8.65 8.65 - 0 % 

   7.5 nm 
MnOx/TaON 

MnO 9.57 9.13 - 5 % 
Mn2O3 9.54 8.94 - 6 % 
MnO2 10.8 9.87 - 8 % 
Ta2O5 8.65 8.65 0 % 
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