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Abstract 

Increasing pollution and global warming will challenge the life of humanity on planet Earth in 

the 21st century and beyond.  In order to mitigate the impact on environment, society, and 

economy, the shift towards a renewable energy system is inevitable. Hydrogen is a clean and 

renewable fuel that has the potential to become an essential part of the future energy system. 

A potential low-cost and resource-saving production route for hydrogen is photo-

electrochemical water splitting. Semiconductor materials are the key component in this 

process, which are required to split water into hydrogen and oxygen with the help of sunlight. 

In order to become economically viable, the semiconductor materials should ideally be made 

from cheap and earth-abundant elements. These criteria can be met by metal oxide 

photoelectrodes. Although significant research efforts have been devoted to the search for 

suitable materials, the ideal photoabsorber has not been found thus far. A promising 

photoelectrode material is α-SnWO4, which recently has been prepared by pulsed laser 

deposition. However, the factors that limit the performance of α-SnWO4 are not yet 

understood.    

Several challenges of α-SnWO4 and α-SnWO4/NiOx photoelectrodes are addressed in this thesis. 

First, the photovoltage limitation is investigated in detail. The photoelectrochemical analysis of 

the α-SnWO4 and α-SnWO4/NiOx films verified the photovoltage limitation, which depends on 

the NiOx layer thickness. The combination of synchrotron-based hard X-ray photoelectron 

spectroscopy, density functional theory calculations, and Monte Carlo-based peak intensity 

simulations suggested the formation of a thin oxide layer at the interface of α-SnWO4 and NiOx. 

Such a layer can not only affect the photocurrent of the sample negatively, but also the 

photovoltage. In the further analysis, a relation between the oxide layer thickness and the 

photovoltage loss was indeed found.  

The next part aimed for more detailed understanding of the reason for the photovoltage loss. 

Surface photovoltage measurements suggested the modification of the charge redistribution 

and relaxation in α-SnWO4 films upon deposition of NiOx. The interface between α-SnWO4 and 

SnO2, which represents the nature of the proposed interfacial layer, was investigated by hard 

X-ray photoelectron spectroscopy. Overall, the combination of surface photovoltage 

measurements and photoelectron spectroscopy suggested the presence of intra-band gap 

states. These states are proposed to be responsible for the observed photovoltage loss.  

For the practical production of hydrogen, the (photo)electrochemical stability is an essential 

requirement of a photoelectrode material. The stability of α-SnWO4 films was investigated in 
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detail as a function of the photoelectrochemical conditions. Strong dependence of the stability 

on the pH of the electrolyte was found by a combination of inductively coupled plasma - optical 

emission spectroscopy, X-ray photoelectron spectroscopy, and X-ray diffraction. The 

experimentally observed stability window is compared with a theoretical potential-pH 

(Pourbaix) diagram. More insight into the stability was obtained by in-situ 

spectro(photo)electrochemistry measurements. Moreover, the self-passivation of  

α-SnWO4 is demonstrated in neutral pH electrolyte. This inhibits further film dissolution by the 

formation of a passivating oxide layer on the surface of α-SnWO4. Due to the self-passivation 

effect, the presence of pinholes in the protection layer will not lead to corrosion of the film 

underneath the protection layer. Overall, this work provides important understanding of  

α-SnWO4 photoelectrodes. This understanding provides the basis for the development of 

suitable strategies to further enhance the performance of α-SnWO4 photoelectrodes.  
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Kurzfassung 

Zunehmende Luftverschmutzung und globale Erwärmung sind eine Herausforderung für das 

Leben der Menschheit im 21. Jahrhundert und darüber hinaus. Um die Auswirkungen auf die 

Umwelt, Gesellschaft und Wirtschaft abzumildern, ist ein Übergang in ein nachhaltiges 

Energiesystem unerlässlich. Wasserstoff ist ein sauberer und regenerierbarer Brennstoff, der 

das Potenzial hat ein entscheidender Bestandteil in einem zukünftigen Energiesystem zu 

werden. Ein potenziell kostengünstiger und ressourcenschonender Ansatz für die 

Wasserstoffproduktion ist die photoelektrochemische Spaltung von Wasser. In diesem 

Verfahren sind Halbleitermaterialien das Schlüsselelement, um Wasser mit der Hilfe von 

Sonnenlicht in Wasserstoff und Sauerstoff aufzuspalten. Um ökonomische Rentabilität zu 

erreichen, sollten diese Halbleitermaterialien idealerweise mit kostengünstigen 

Ausgangsstoffen hergestellt werden, die auf der Erde ausreichend vorhanden sind. Diese 

Anforderungen können mit Metalloxid Photoelektroden erreicht werden. Obwohl mit großen 

Forschungsanstrengungen nach geeigneten Materialien gesucht wird, wurde ein idealer 

Photoabsorber bis jetzt nicht gefunden. Ein vielversprechendes Photoelektrodenmaterial ist  

α-SnWO4, welches vor kurzem mit gepulster Laserablation hergestellt wurde. Allerdings wurden 

die Faktoren, die die Leistungsfähigkeit von α-SnWO4 limitieren, bis jetzt noch nicht ausreichend 

verstanden.  

Verschiedene Herausforderungen von α-SnWO4 und α-SnWO4/NiOx Photoelektroden werden in 

dieser Arbeit behandelt. Im ersten Teil wird die Limitierung der Photospannung im Detail 

untersucht. Die photoelektrochemische Analyse der α-SnWO4 und α-SnWO4/NiOx Proben 

bestätigte die Limitierung der Photospannung, die mit der NiOx Schichtdicke zusammenhängt. 

Die Kombination von Synchrotron-basierter harter Röntgen-Photoelektronenspektroskopie, 

Dichtefunktionaltheorie Berechnungen und Monte-Carlo basierter Peak Intensitäts-

simulationen deutete auf die Entstehung einer dünnen Oxidschicht an der Grenzfläche von  

α-SnWO4 und NiOx hin. Diese Schicht kann nicht nur den Photostrom limitieren, sondern auch 

die Photospannung. Tatsächlich wurde mir der weiteren Analyse eine Beziehung zwischen der 

Oxidschichtdicke und der Photospannung gefunden.  

Der nächste Teil zielte auf ein noch genaueres Verständnis der zugrunde liegenden Ursache der 

Limitierung der Photospannung ab. Oberflächenphotospannungsmessungen an α-SnWO4 

Schichten deuteten auf die Modifikation der Ladungstrennung und Relaxation hin, 

hervorgerufen durch die Abscheidung von NiOx. Die Grenzfläche zwischen α-SnWO4 und SnO2, 

welche die Eigenschaften der vorgeschlagenen Grenzflächenschicht repräsentiert, wurde 

ebenfalls mittels harter Röntgen-Photoelektronenspektroskopie untersucht. Insgesamt zeigt 
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die Kombination von Oberflächenphotospannungsmessungen und Photoelektronen-

spektroskopie, dass Intraband-Zustände existieren. Es wird vorgeschlagen, dass diese Zustände 

für die beobachteten Photospannungsverluste verantwortlich sind.  

Für die praktische Erzeugung von Wasserstoff ist die (photo)elektrochemische Stabilität eine 

entscheidende Anforderung an ein Photoelektroden Material. Die Stabilität von α-SnWO4 

Schichten wurde detailliert in Abhängigkeit der photoelektrochemischen Bedingungen 

untersucht. Eine starke Abhängigkeit der Stabilität von den Messbedingungen wurde gefunden, 

durch eine Kombination von optischer Emissionsspektroskopie mit induktiv gekoppeltem 

Plasma, Röntgenphotoelektronenspektroskopie und Röntgenbeugung. Der experimentell 

beobachtete Stabilitätsbereich wird mit einem theoretischen Potential-pH (Pourbaix) 

Diagramm verglichen. Weitere Einblicke in die Stabilität wurden durch 

spektro(photo)elektrochemische Messungen gewonnen. Außerdem wird die Selbstpassivierung 

von α-SnWO4 Schichten in neutralen Elektrolyten demonstriert. Dieser Mechanismus verhindert 

die weitere Schichtauflösung durch die Bildung von passivierenden Oxidschichten auf der 

Oberfläche von α-SnWO4. Durch die Selbstpassivierung führt das Vorhandensein von Pinholes 

in der Schutzschicht nicht zur Korrosion der α-SnWO4 Photoelektrode. Insgesamt betrachtet 

stellt diese Arbeit wichtiges Verständnis von α-SnWO4 Photoelektroden bereit. Dieses 

Verständnis bildet die Basis für die weitere Entwicklung geeigneter Strategien, um die 

Leistungsfähigkeit von α-SnWO4 Photoelektroden weiter zu erhöhen. 
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1. Introduction 

1.1. Global warming and the challenge of energy production  

The continuing pursuit of humanity for economic growth and wealth is inevitably connected to 

a continuous increase of the world energy consumption. In the past, the energy demand has 

mainly been satisfied by a steady increase of fossil fuel consumption. For instance, in the year 

2018 an annual increase of the energy consumption of 2.3 % was reported, which is even higher 

than the long-term annual average increase of 1.3 %. In total an estimated ~19 TW of energy 

was consumed in 2018 compared to ~13 TW in 2000. The share of fossil fuels in 2018 was 81 %, 

and was more or less the same as in the year 2000. At the same time a significant increase of 

the energy related CO2 emission was observed, from ~23 Gt in 2000 to ~33 Gt in 2018.1 In 

addition to CO2, other greenhouse gases are emitted such as methane and nitrous oxide, which 

have an even stronger greenhouse effect than CO2.2-3 Projected into the future, a significant 

increase of the energy demand is expected. One of the main driving forces for this increasing 

demand is the increase of the world population.1, 4  

 

Figure 1.1. Change of the global average temperature due to human-induced warming in the past, and 

projection into the future. The temperature change is defined by the deviation from the 30-year global 

average. With the current rise of the average temperature of 0.2 ± 0.1°C per decade, the 1.5°C threshold 

would be reached in 2040. Different mitigation strategies for greenhouse gas reduction result in a 

relatively large “climate uncertainty” for the 1.5°C pathway. Figure adapted from the 2018 IPCC special 

report, chapter 1, page 82.5  

The significant increase of greenhouse gases in the atmosphere has been accompanied by a 

steady increase of the global average temperature as shown in Figure 1.1. A severe impact of 

the rising average temperature and CO2 concentration on ecosystems is expected as well as the 
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occurrence of extreme weather events.6-9 The threat of climate change directly or indirectly 

affects all humans living on this planet and can only be tackled by cooperative efforts. Within 

the United Nations the Intergovernmental Panel on Climate Change (IPCC) tries to find a 

common pathway for the mitigation of further global warming and its impacts. As formulated 

in the 2015 Paris agreement, global warming should be ideally limited to 1.5°C or at least well 

below 2°C.  When extrapolating the current rate of temperature change of 0.2 ± 0.1°C per 

decade, the 1.5°C limit would already be reached in 2040. As discussed in the IPCC special report 

in 2018, several strategies exist to stay within the limit of 1.5°C.10 All of them are based on a 

significant reduction of CO2 to a net zero emission or even negative CO2 emission. The outcomes 

of these different mitigation scenarios are projected to lie within the green shaded “climate 

uncertainty” for the 1.5°C pathway in Figure 1.1. 

 

Figure 1.2. Projected impact of an average global warming of 1.5°C and 2°C. The local change in 

temperature is indicated for the extreme cases of the average temperature of hottest days and coldest 

nights. The local change of temperature can be well above the average temperture change. Figure 

adapted from the 2018 IPCC special report, chapter 3, page 283.11  

It is important to understand how severe the effects of seemingly small differences in the 

average temperature can be. In Figure 1.2 the local temperature changes in the 1.5°C and 2°C 

scenarios are projected. A comparison of the extreme cases of the temperature change of the 

hottest days with the change in the coldest nights shows locally higher temperature rises than 

expected from the average difference of 0.5°C. Overall, the increase of the temperature is not 

evenly distributed across the globe. Continental areas experience a higher increase than 
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oversea areas. Specific regions may experience a significantly higher temperature rise than the 

average. Although it is highly challenging to stay within the 1.5°C pathway, this is still considered 

to be feasible.5, 10 In any case, these projections emphasize the urgent need for sustainable 

energy sources. 

1.2. Hydrogen as an energy carrier in a future sustainable energy system 

 

Figure 1.3. Illustration of the transition into of a future sustainable energy system with H2 as a central 

energy carrier in combination with several other sustainable energy production routes. Adapted from 

reference [12].  

Several strategies are available to generate energy from renewable sources.13-14 For instance, 

electricity can be generated in large amounts by wind turbines, solar cells, or from bio-mass. 

Among the different renewable energy sources, sunlight has the highest potential for power 

generation.15 However, the intermittent (seasonal and diurnal) nature of sunlight as well as the 

often-low sunlight intensity in northern countries are limitations. Energy therefore needs to be 

transported from places with high sun intensity and/or needs to be stored in some way. Storage 

of energy is one of the main challenges for a sustainable energy society. One possibility is to 

store electricity using batteries, as for instance used in electric cars.16-17 On the other hand, 

energy may be stored in the form of chemical fuels. These have the advantage of a higher energy 

storage density compared to batteries.15 Chemical fuels also have the advantage of an already 

existing infrastructure, much of which can be easily modified for the specific needs of the 

respective fuels. In principle, CO2 can be used as a feedstock for the production of chemical 

fuels. This is, however, difficult to achieve in practice and a more promising approach is the use 

of H2. 18-19 Hydrogen can play a central role in the transition to a future sustainable energy 

system as schematically illustrated in Figure 1.3. In this scenario, H2 is the main energy vector 
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of the energy system in combination with electricity. H2 can be directly used as an energy carrier 

in fuel cells,20 or hydrocarbons may be synthesized from H2 and used as chemical fuel.15 This can 

be done on the basis of well-established Fischer-Tropsch processes.21 The usage of H2 as energy 

carrier has several advantages. Combustion of H2 results in low pollution and H2 is generally 

non-toxic.22 Also the infrastructure for chemical fuels is already established. Although storage 

of H2 can be challenging, mainly because of the low volumetric energy density of H2, several 

storage options exist. For instance, high-pressure tanks, metal organic frameworks (MOFs), or 

metal hydrides.23-24  Of course, H2 also needs to be produced. Several routes for H2 production 

are available. Currently, however, large amounts of H2 are produced with conventional 

techniques relying on fossil fuels. Several chemical approaches exist such as thermal 

decomposition (pyrolysis), partial oxidation, and steam reforming of fossil (hydro)carbons.22 In 

these processes a syngas is produced, which contains H2 and CO. This is followed by the water-

gas shift reaction, which results in the generation of CO2. Consequently, H2 produced in this way 

cannot provide the basis for a sustainable H2 economy. In addition to the use of H2 as energy 

carrier, H2 is an important feedstock for the large-scale production of NH3 via the Haber Bosch 

process.25 NH3 is an important basis for the production of fertilizers.26 We should keep in mind 

that the fertilizer production is of eminent importance for the world food production, and also 

here a sustainable H2 source is urgently needed.   

 

Figure 1.4. Comparison of two different technologies for solar hydrogen production. On the top left side 

electrolysis based on photovoltaics (PV-electrolysis) is schematically illustrated, and on the right side 

photoelectrochemistry (PEC) is shown. This illustration was made on the basis of figure 1 in 

reference [27].  
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Alternatively, H2O can be used as an abundant source for the sustainable sunlight-driven 

production of H2. The existing strategies can be classified into electrolysis based on 

photovoltaics (PV-electrolysis) and photoelectrochemistry (PEC).27-29 In PV-driven electrolysis, 

two independent components are used. The photovoltaics component (i.e., one or multiple 

solar cells) provides the voltage needed to drive the second compartment, the electrolyzer. This 

can either be an alkaline electrolyzer30 or a proton exchange membrane (PEM) electrolyzer.27 

The latter one is more technologically advanced and provides higher current densities and 

efficiencies, but is also more expensive.27 In the PEC approach only one integrated component 

is required. The “light harvesting element” (i.e., the photoabsorber) is here directly part of the 

H2 generator. This can reduce the cost and the use of raw material as illustrated in Figure 1.4. 

The device integration in the PEC approach is an important advantage in comparison to PV-

electrolysis. However, the technological readiness level of PEC is clearly lower compared to PV-

electrolysis. When comparing the demonstrated efficiencies of both approaches, PV-

electrolysis has an advantage. A solar-to-hydrogen efficiency (STH) of 30 % has been 

demonstrated for 48 h, with a combination of a PEM electrolyzer and a triple-junction solar 

cell.31 For a similar time period of > 40 h an STH efficiency of 10 % was demonstrated for a PEC 

device.32  Reports with higher efficiencies exist as well, but are not demonstrated for 

comparable time periods.33-34 Further advantages of PEC water splitting are the lower current 

densities, and thus lower required overpotentials as well as the better heat management. In a 

PEC cell, the sunlight induced heating can lead to an improvement due to enhanced 

electrochemical kinetics, in contrast to a PV-electrolyzer setup, where heating of the 

photovoltaic component results in efficiency losses.35-37 Recently it was shown that good 

thermal management is important to operate a PEC device at -20°C.38 Similar temperatures can 

be found in many places on the globe. Consequently, this demonstration further broadens the 

versatility of PEC-based water splitting devices.  

For the further development of PEC water splitting, several aspects need to be addressed. Most 

importantly, a suitable semiconducting material needs to found. This is the key component in a 

PEC waster splitting device. Suitable materials may be found in the class of metal oxide 

semiconductors, as discussed in more detail in the following sections. At the same time, efforts 

are required on device upscaling, engineering, and simulation.39-41 Economic viability of PEC 

devices is another important aspect that will determine the success of this technology in the 

coming decades.42-45  
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1.2. Photoelectrochemical water splitting  

In a typical photoelectrochemical (PEC) setup, a suitable semiconductor is immersed in an 

electrolyte solution as schematically depicted in Figure 1.5. A simplified description based on 

literature is as follows:46-47 the semiconductor is irradiated with (simulated) sunlight. The 

absorption of photons with an energy larger than the band gap of the semiconductor generates 

electron-hole pairs. In the case of a photoanode (i.e., n-type semiconductor) the holes (h+) are 

moving to the surface and drive the oxygen evolution reaction (OER). Through an external wire, 

electrons (e-) are transported to the counter electrode, which is in the simplest configuration a 

metal such as Pt. This is immersed in the electrolyte solution as well. The hydrogen evolution 

reaction (HER) proceeds here by the consumption of the electrons. The half reactions of the 

OER and HER depend on the pH of the electrolyte and can be formulated for an alkaline medium 

as follows: 

                                                                  4H2O + 4e− ↔ 2H2 + 4OH−                                        HER (1.1) 

                                                                  4OH− + 4h+ ↔ 2H2O + O2                                         OER (1.2) 

The same reactions can also be defined for acidic media: 

                                                                  4H+ + 4e−  ↔  2H2                                                      HER (1.3)                                    

                                                                  2H2O + 4h+  ↔  O2 + 4H+                                        OER (1.4) 

 

Figure 1.5. Schematic illustration of a photoelectrochemical cell consisting of a single photoabsorber and 

a metal counter electrode. The oxygen evolution reaction (OER) takes place at the photoanode and the 

hydrogen evolution reaction (HER) takes place at the (metal) counter electrode. The redox potentials of 

water, ϕOER (H2O/O2) and ϕHER (H2/H2O), are indicated.  
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Based on the half reactions, the overall water splitting reaction can be formulated in equation 

1.5. The reaction is thermodynamically uphill and a Gibbs free energy of ΔG = 237.2 kJ mol-1 

needs to be invested to enable the reaction. As defined in equation 1.6, this can be translated 

to 1.23 eV per electron and consequently ΔE = 1.23 V.  

                                 Overall reaction: 2H2O ↔  2H2 + O2    ΔG=237.2 kJ mol-1                                                 (1.5)  

                                                                    ∆𝐺 = −𝑛𝐹∆𝐸                                                                         (1.6) 

Here, F is the Faradaic constant and n describes the number of electrons. ΔE defines the 

minimum photovoltage required to drive the water splitting reaction, when using a single 

photoabsorber.                                                  

An important property of a water splitting device is the solar-to-hydrogen (STH) efficiency as 

defined in equation 1.7. Jphoto is the photocurrent density and Vredox is 1.23 V. The power of the 

incident light is given by Pin. For AM1.5 illumination this corresponds to 1000 mW m-2. In this 

definition, it is assumed that no bias voltage is applied between the working and counter 

electrodes and that the faradaic efficiency is 1.  

                                                        STH (%) =  
𝑉redox ×𝐽photo(mA cm−2)

𝑃in(mW cm−2)
                                                 (1.7) 

In addition to Jphoto, the photovoltage is an important metric. The origin of the photovoltage is 

conceptually described for a photoanode in Figure 1.6. Here, ECB denotes the conduction band 

minimum energy and EVB the valence band maximum energy. For the sake of simplicity, in this 

description it is assumed that in contact with water under dark equilibrium conditions, the Femi 

level EF of the semiconductor equilibrates with the redox potential of the liquid ϕOER (H2O/O2). 

In reality, however, this is not necessarily the case. There is considerable uncertainty of the 

exact position of EF under equilibrium conditions in the dark. The exact position of EF depends, 

for instance, on the electrochemical reaction that dominates in the dark.  At the surface of the 

semiconductor band bending is present. The band bending can result from the dissociative 

adsorption of water molecules at the surface.15 Electronic states in the band gap can then be 

formed by OH- groups at the surface. These electronic states are occupied by electron transfer 

from the semiconductor. The depletion of electrons at the surface of the semiconductor results 

in an increase of the ionized donor density. Consequently, a space charge layer is formed, which 

has a width W. In an aqueous solution (water) OH- and H+ ions from the liquid are adsorbed on 

the surface in an dynamic equilibrium.15 Ions in solution are surrounded by attached water 

molecules. The distance between the adsorbed ions on the surface and the closest ions in the 
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solution is defined as the Helmholtz layer, which has a width WH of typically 2 - 5 Å.15 Across the 

Helmholtz layer a potential drops in the order of ~0.1 - 0.5 eV.15 

Under illumination the equilibrium condition is not valid anymore, and as indicated in Figure 

1.6b, the Fermi level splits up in the quasi Fermi levels of the electrons EqF,n and holes EqF,p. The 

photovoltage ΔVphoto depends on the splitting of the quasi Fermi levels. For the sake of brevity, 

the underlying physical principles of semiconductors are not discussed in more detail here, and 

can be found elsewhere.15  

Another important metric in PEC water splitting is the flatband potential. This is defined as the 

potential that needs to be applied to achieve a flat band situation.15, 48 For an n-type 

semiconductor this potential is, in theory, the most negative potential at which a photocurrent 

can still be observed. In practice, however, potentials more positive than the flatband potential 

usually need to be applied to extract a photocurrent. This may have several origins such as 

surface charge accumulation or recombination in the space charge layer.15, 49  

 

Figure 1.6. Schematic illustration of a semiconductor-liquid junction. (a) In this illustration it is assumed 

that under dark equilibrium conditions, the Fermi level EF equilibrates with the redox potential 

ϕOER (H2O/O2). ECB denotes the conduction band minimum and EVB the valence band maximum. W 

denotes the width of the space charge layer and WH the width of the Helmholtz layer. (b) Under 

illumination the Fermi level splits up into the quasi Fermi levels EqF,n of electrons and EqF,p of holes. The 

photovoltage ΔVphoto depends on the splitting of the quasi Fermi levels.  

1.3. Material requirements for photoelectrochemical water splitting 

For solar water splitting suitable materials need to be chosen. Several requirements have to be 

considered.46, 50-52 In a suitable semiconductor a sufficient amount of charge carriers needs to 

be generated upon illumination with sunlight. Therefore, the semiconductor needs to be able 

to absorb photons from the solar spectrum, which is shown in Figure 1.7a. The energy of 

photons that can be absorbed is defined by the band gap energy of the semiconductor.50 From 

a thermodynamic point of view, a band gap of at least 1.23 eV is required to drive the PEC 
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reaction. With the addition of overpotentials, the band gap needs to be at least 1.9 eV.15 

Overpotentials arise from thermodynamic losses and several kinetic losses.53-54 Above ~390 nm 

the intensity in the solar spectrum significantly decreases and, therefore, the band gap is limited 

to a maximum of ~3.1 eV.15 Although, in principle, a photocurrent may be generated with a 

material having such a band gap, a band gap close to ~3.1 eV is far from ideal. This becomes 

clear when using the AM1.5G photon flux to calculate the theoretical photocurrent density Jmax 

in dependence on the band gap of the absorbing semiconductor. In this calculation, it is 

assumed that 100 % of the incident photons participate in the generation of charge carriers, 

i.e., the incident photon-to-current efficiency (IPCE) is 100 %. Jmax is shown in Figure 1.7b as a 

function of the band gap, where Jmax increases with decreasing band gap. Decreasing the band 

gap of the photoabsorber, however, will only result in an enhancement of efficiency up to a 

certain point, as there exists a tradeoff between photocurrent and photovoltage.15 In Figure 

1.8a the theoretical STH efficiency of a single photoabsorber is shown as a function of the band 

gap. The maximum efficiency of 11.2 % is calculated for a band gap of 2.26 eV. In this model an 

overall loss of ~0.49 eV is assumed. The application of Pt and RuO2 catalysts is assumed and 

shunt losses are neglected.45, 55   

 

Figure 1.7. (a) AM1.5G solar spectrum (The American Society of Testing and Materials (ASTM) G173). The 

data were taken from reference [56]. (b) Dependence of theoretical maximum photocurrent density Jmax 

on the band gap of the material. Here it is assumed that all photons of the solar spectrum contribute in 

the generation of the photocurrent (i.e., the incident photon-to-current efficiency is 100 %). Reprinted 

with permission from reference [50]. Copyright 2019, The Royal Society of Chemistry. 

Not only the size of the band gap is important, but also the relative positions of the valence and 

conduction band edges (VBM and CBM) with respect to the oxidation and reduction potentials 

of water. This determines the thermodynamic driving force of electrons or holes during the PEC 

operation. For a sufficient thermodynamic driving force, the CBM should be more negative than 

the hydrogen evolution potential and the VBM should be more positive than the oxygen 

evolution potential. This is commonly expressed as the band edges straddling the water 

reduction and oxidation potentials.15  
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In contrast to the assumed 100 % IPCE for the calculation of Jmax, in reality not all photons 

contribute to the photocurrent. Therefore, the number of photons that are actually absorbed 

by the semiconductor need to be considered. This material property is described by the 

absorption coefficient α(λ). Especially for the visible wavelength region a high α(λ) is required, 

which becomes clear when considering the high intensity of the solar spectrum in this region. 

By including the absorption properties of the material, the expected photocurrent density Jabs is 

defined. The absorbed photon-to-current efficiency (APCE) in this metric is 100 %. In practice, 

however, the APCE is lower than 100 %. For a more realistic description, the fraction of mobile 

charge carriers that are generated by absorption needs to be considered. A substantial fraction 

of the absorbed photons may result in localized charge carriers that do not contribute to the 

photocurrent. This property is described by the wavelength-dependent photogeneration yield 

𝜉(λ).57 The  measured photocurrent JPEC can now be defined in dependence of Jabs and 𝜉(λ): 

                                                                   𝐽PEC = 𝐽abs ∙ 𝜉(𝜆) ∙ 𝜂𝑠ep ∙ 𝜂in                                                         (1.8) 

The photogeneration yield factor 𝜉(λ) was not considered in the earlier formulations of this 

equation in the literature,50, 58-60 and is included here motivated by the recent study by Grave et 

al.57  JPEC further dependents on the separation efficiency ηsep and the injection efficiency ηin. In 

order to participate in the OER and HER, the mobile charge carriers need to be separated trough 

out the material and collected at the surface contacts. This is described by ηsep and strongly 

depends on the charge transport properties, i.e., the conductivity of the material. The 

conductivity depends on the carrier mobility and concentration. In addition to intrinsic factors 

that determine the mobility, such as the electronic structure, also extrinsic factors, such as the 

crystallinity or impurities, can influence the conductivity. To describe the overall transport 

properties, the diffusion length LD of the minority charge carriers can be used. As defined in 

equation 1.9, this depends on the diffusivity D and the carrier lifetime τ. The diffusivity depends 

on the mobility μ and the temperature T.15 

                                                                𝐿D = √𝐷 ∙ 𝜏 = √
𝜇𝑘𝐵𝑇

𝑞
∙ 𝜏                                                                   (1.9) 

In practice, not all charge carriers will reach the surface, which reduces ηsep. Consequently, good 

charge transport properties are desired for the semiconductor. In addition, the efficiency of the 

charge carrier injection into the electrolyte is implemented in the description by the injection 

efficiency. ηin depends on the reaction kinetics at the interface. Poor surface reaction kinetics 

can result in charge accumulation at the surface and charge recombination. ηin should ideally 

be high for a good photoabsorber material, but can also be improved significantly with the help 
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of catalysts. To test the potential of a material independent on ηin, a scavenger such as sulfite 

or H2O2 can be used.61  

 

Figure 1.8. (a) STH efficiency of a single photoabsorber as a function of the band gap. Reprinted with 

permission from reference [45]. Copyright 2013, The Royal Society of Chemistry. (b) STH efficiency of a 

stacked D4 tandem configuration as a function of the band gap of the bottom and top absorber. The 

maximum efficiency is achieved for a bottom absorber with a band gap of 1.23 eV and a top absorber 

with a band gap of 1.84 eV. In the model an overall loss of ~0.49 eV is assumed. Highly active Pt and RuO2 

catalysts and no shunt losses are assumed. Reprinted with permission from reference [55]. Copyright 

2014, John Wiley and Sons. 

For an economically viable long-term operation, the semiconductor should be stable in dark and 

under illumination, as described in more detail in Chapter 1.6. Finally, the material should also 

be of low-cost and earth-abundant. A class of semiconductor materials, which can comply with 

these requirements, is discussed in the next section.  

The overall STH efficiency does not only depend on the properties of the semiconductors, but 

also on the device configuration. Beyond the simple configuration in Figure 1.5, where a single 

photoabsorber is illustrated (S2 configuration, i.e., 2 photons are required to produce one H2 

molecule), significantly higher efficiencies can be achieved by combining two absorbers 

materials.62 In Figure 1.8b the calculated STH efficiency is shown as a function of two absorber 

materials in a stacked D4 tandem configuration (dual absorber, four photons needed to produce 

one H2 molecule). In this model calculation, a maximum STH efficiency of 22.8 % can be achieved 

with a band gap combination of 1.84 eV and 1.23 eV.45, 55 Band gap combinations within the 

white triangle can provide efficiencies > 10 %. Although the shown STH efficiency is significantly 

lower than the thermodynamic limit of 41 %, the calculation is based on a rather ideal model 

with kinetic losses of ~0.49 eV. In addition, the application of highly active Pt and RuO2 catalysts 

is assumed, and shunt losses are excluded in the calculation. Including further losses in the 
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model will reduce the maximum efficiency and change the ideal band gap combination.45 

Alternatively, a side-by-side configuration of two photoabsorbers is possible. A lower maximum 

efficiency of 15.5 % was calculated with two identical band gaps of 1.59 eV.55 Depending on the 

available band gap combinations, however, this configuration may also be viable. Overall, these 

considerations show that in order to achieve efficiencies exceeding 10 %, tandem device 

configurations are necessary.55  

1.4. Metal oxide photoelectrodes  

Photoelectrochemical water splitting was observed for the first time with a metal oxide 

semiconductor. In the year 1972 Honda and Fujishima reported water oxidation on TiO2.63 

Although a significant amount of studies has been performed on this material over the past 

decades,64-66 a clear limitation of this material is the large band gap of 3.2 eV, and hence the low 

theoretical efficiency. Materials with smaller band gaps were required to achieve higher 

efficiencies. Over the years significant improvements have been achieved using Si67-69 or III-V 

semiconductor compounds such as GaInP2 and InP.70-74 Although high efficiencies could be 

achieved in various reports,34, 70 there are some aspects which limit the scalability of these 

materials. High demands on the fabrication process as well as in some cases involvement of rare 

elements result in high production costs.75 Low-cost, earth-abundant, and scalable materials 

that are easy to process are, therefore, urgently needed. This brings us back to metal oxide 

semiconductors, which are a promising class of materials meeting these requirements. They are 

generally more stable in aqueous media and easier to manufacture.46 Despite offering 

promising properties, they also have limitations, for instance the often too large band gaps as 

in the case of TiO2, and often poor absorption properties related to indirect band gaps.  Another 

limitation is the poor charge transport properties related to small polaron hopping 

mechanism,76-77 which is mainly a consequence of the ionic character of the chemical bonds in 

metal oxides. Typical charge carrier mobilities of metal oxides are in the range of 0.001 – 1 

cm² V-1s-1 and are, therefore, significantly lower than in materials with covalent bonding 

character such as Si.76-78   

Significant efforts have been devoted to the development of improvement strategies and 

exploration of new candidates.46, 50-51 A timeline illustrating some of the important 

developments over the years is depicted in Figure 1.9. Initially binary oxides such as TiO2, WO3, 

and Fe2O3 have been studied extensively.46 Although several strategies have been employed to 

improve the performance of binary oxides, the success has been limited.  More opportunities 

to adjust the PEC properties by modifying the composition and electronic structure are provided 

when the number of metal cations is increased. Ternary metal oxides have attracted significant 
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attention and provide ~19,000 possibilities.79 With the vast amount of possibilities, however, 

comes  the difficulty to find suitable candidates. Screening approaches based on computational 

data and experimental combinatorial screening approaches are promising options, to 

accelerate the investigation of these compounds.80-83  

 

Figure 1.9. Timeline illustrating some of the important developments in the field of metal oxide 

photoelectrodes.  The development started from the observation of photoelectrochemical water 

oxidation on TiO2.63 It continued over the development of BiVO4, α-Fe2O3, Cu2O photoelectrodes, and all-

oxide tandem devices,84-89 up to the investigation of novel photoelectrodes such as α-SnWO4, to 

overcome the efficiency limitation of BiVO4.90-92 The figure is inspired by the review by Yang et al.93 

 

Ternary metal oxides provided initially poor performance, but promising improvements could 

be demonstrated over the years.50 The highest performing material thus far is BiVO4, which has 

been studied since the late 1990s.84, 94 In order to achieve this success, several strategies have 

been employed, not only for BiVO4. This includes heteroatom doping,95-97 crystallographic 

orientation control,98 nanostructuring,99-101 H2 treatment,102 deposition of protective, and 

catalytic overlayers.89-90, 103-104 

The need for lower band gap materials has motivated the study of several emerging materials. 

Among them is α-SnWO4, which is discussed in detail in the following section. Due to 

technological improvements, materials become interesting, which actually have too large 

intrinsic band gaps, but overall promising properties for water splitting. For instance, band gap 

reduction strategies can be used to achieve almost ideal band gaps with the perovskite material 

BaSnO3, which intrinsically has a band gap larger than 3 eV.105  

To achieve high STH efficiencies, tandem configurations are necessary as discussed in the 

previous section. Development of several devices has been reported with metal oxide 

materials.86, 106-108 One example is shown in Figure 1.10. Here, a BiVO4 top absorber is used, 

which is doped with W using a gradient in the doping concentration across the film thickness.  
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Cobalt phosphate (Co-Pi) is used as a catalyst. The bottom absorber is a double junction 

amorphous Si solar cell (2-jn-a-Si). An STH efficiency of 4.9 % was reported for this device.109  

 

Figure 1.10. Tandem device for solar water splitting using a gradient-doped BiVO4 top absorber with  

Co-Pi catalyst in combination with a double junction amorphous Si solar cell 2-jn-aSi solar cell as bottom 

absorber. Adapted by permission from reference [109], Copyright 2013, Nature Springer. 

1.4.1. α-SnWO4 thin film photoanodes  

Another interesting material in the class of metal oxides is SnWO4, which is an intrinsic n-type 

conductor, probably due to the presence of O-vacancies.110 Among the two existing crystalline 

phases (α-phase and β-phase) only the α-phase shows photoelectrochemical activity. It 

crystalizes in an orthorhombic crystal structure (space group Pnna, a = 5.625 Å, b = 11.744 Å, 

c = 4.986 Å),111 which is schematically illustrated in the a-b plane in Figure 1.11a. The cubic β-

phase is stable above 670°C and has a band gap of ~4.1 eV and is, therefore, unsuitable for 

water splitting.111-112 Thin film α-SnWO4 photoelectrodes have been prepared by several 

deposition methods. Initially, films were prepared by hydrothermal conversion of WO3 and 

SnO2,110, 113 and magnetron sputter deposition.111, 114-115 Recently also pulsed laser deposition 

(PLD) has been used to deposit α-SnWO4 films.90-92 A band diagram of PLD-made α-SnWO4 is 

shown in Figure 1.11b. In the figure the indirect band gap of 1.9 eV is indicated, which is 

reported for the PLD-made  films.90 In general, the reported band gap is in the range of 1.6 to 

2.1 eV.110, 113, 116 Under AM1.5 solar irradiation, the band gap of 1.9 eV corresponds to a 

theoretical maximum photocurrent of ~17 mA cm-2. A theoretical STH efficiency of ~20 % is 

possible in a tandem configuration with a suitable bottom absorber such as Si.  It should be 

noted, however, that the reported absorption coefficient is rather low in the visible wavelength 

regime above 450 nm. More than 10 μm film thickness would be required to achieve 

photocurrent densities close to the theoretical maximum.90 Together with the limited charge 
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transport properties as described below in more detail, this may limit the achievable 

photocurrent density. A possible mitigation strategy could be based on nanostructuring.90 In 

Figure 1.11b it can be seen that the conduction and valence band edges straddle the indicated 

oxidation potential φOER(H2O/O2) and the reduction potential φHER(H2/H2O) of water. This 

indicates the thermodynamic ability of electrons and holes to reduce and oxidize H2O. Related 

to that, the flatband potential is located at ~0 V vs. RHE.110, 113-114, 116 The density of states of 

pristine α-SnWO4, calculated by density functional theory (DFT), is shown in Figure 1.11c. The 

valence band has mainly O 2p character hybridized with Sn 5s states and the conduction band 

is mainly formed by W 5d states. 

 

Figure 1.11. (a) Orthorhombic crystal structure of α-SnWO4 shown in the a-b plane. In alternating layers 

Sn is tetrahedrally coordinated by O atoms, and W is octahedrally coordinated by O atoms. W 

atoms = green, Sn atoms = blue, O atoms = red. Reprinted with permission from reference [117]. 

Copyright 2020, American Chemical Society. (b) Band diagram of α-SnWO4 including the relative positions 

of the thermodynamic oxidation potential φOER(H2O/O2) and the reduction potential φHER(H2/H2O) of H2O. 

The reported work function φ of α-SnWO4 is indicated as well. ηOER, max is the maximum overpotential for 

the OER. Adapted from reference [118]. (c) Density of states for pristine α-SnWO4 calculated by DFT. The 

valence band has mainly O 2p character hybridized with Sn 5s. The conduction band is mainly formed by 

W 5d states.  
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As often reported for metal oxide semiconductors, the charge transport properties can be a 

limitation for the PEC performance. For α-SnWO4 the charge carrier dynamics were investigated 

in a recent study, where electron-hole mobilities up to 0.13 cm2 V-1 s-1 were reported.91 This is a 

high value in comparison to other metal oxide photoelectrodes, but still clearly lower in 

comparison to Si.78, 91  In addition, it was shown by a combination of time-resolved microwave 

conductivity (TRMC) and time-resolved terahertz spectroscopy (TRTS) that the (macroscopic) 

photoconductivity can be increased with an increase of the grain size.91  

The photocurrent densities reported initially were very low, and were in the range of 

 ~0.1 mA cm-2.113-114 This is typically correlated with fast surface oxidation of Sn2+ to Sn4+. 

Significant improvement of the photocurrent could be achieved in 2018 by Kölbach et al.90 

Photocurrents of 0.75 mA cm-2 were reported for α-SnWO4 films protected with a 20 nm NiOx 

overlayer. It was suggested, however, that this also comes along with a limitation of the 

photovoltage.  

Overall, α-SnWO4 combines several promising properties for the development of water splitting 

devices. The band gap of 1.9 eV is very close to the calculated band gap of 1.84 eV for an ideal 

top absorber in a D4 tandem device.55, 90 However, the challenges of α-SnWO4 also need to be 

addressed. The main aspects reported in literature are the limited stability and the 

photovoltage limitation introduced by the NiOx protection layer. Understanding and 

improvement of these aspects is crucial for the development of α-SnWO4 films.   

1.5. Surface states, interface states and Fermi level pinning 

Fermi level pinning is a phenomenon observed for both semiconductor-metal (Schottky 

junction) and semiconductor-liquid junctions.119-121 The origin can be found in the presence of 

surface or interface states, which can be classified into states with an intrinsic or extrinsic origin. 

Intrinsic states are, for instance, related to a broken translational symmetry at the surface of a 

material (i.e., dangling bonds). Extrinsic surface states can originate from surface defects or 

adsorbates. Depending on the mathematical description, surface states are often referred to 

Shockley or Tamm states.122 Surface states in materials with covalent bonding character are 

typically described as Shockley states, and those in large band gap ionic materials as Tamm 

states.  

When a semiconductor is contacted by a metal, band bending is introduced in the 

semiconductor. The magnitude depends on the difference of the work functions of both 

materials. This contact potential difference is compensated by the formation of a space charge 

region in the semiconductor (i.e., the band bending). At the interface a barrier φSB,n is formed, 
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the height of which is given by equation 1.9 according to the Schottky-Mott theory, where ϕM 

is the work function of the metal and ΧS the electron affinity of the semiconductor.123-124  

                                                                      𝜑SB,n =  ∅M − 𝛸S                                                                 (1.9) 

In many practical cases, however, the barrier height does not depend linearly on the metal work 

function, as noted by Bardeen in a classical article in 1947.121 The often observed independence 

of φSB,n on ϕM can be explained by Fermi level pinning, although the formation of intermetallic 

phases may also play a role. Consequently, the amount of introduced band bending in the 

semiconductor may be limited by the presence of surface states. Depending on the density of 

surface states and the position of the Fermi level, the contact potential difference between 

metal and semiconductor is partially compensated by the filling or emptying of surface states, 

rather than the formation of a space charge region in the semiconductor. 

 

Figure 1.12. Schematic illustration of the effect of a high surface state density on the semiconductor-

liquid interface. (a) Semiconductor-liquid junction with partially occupied surface states. (b) Increasing 

the applied potential reduces the amount of occupied surface states. Additional band bending is not 

introduced in the semiconductor, and the change in applied potential falls entirely across the Helmholtz 

layer. (c) A sufficiently large potential change can empty the surface states and shift the Fermi level below 

the density of surface states. Additional band bending is introduced in the semiconductor. From this point 

onwards, any change in applied potential falls across the space charge layer in the semiconductor, which 

has a width W.125  

Similar effects can be observed for semiconductor-liquid junctions.125 In Figure 1.12a an n-type 

semiconductor with a high density of surface states is part of a semiconductor liquid junction. 

The surface states are partially occupied. In (b) the magnitude of applied potential is increased, 

which only results in a change of the occupation of the surface states. The additional potential 

drops across the Helmholtz layer and in the semiconductor no additional band bending is 

introduced. When the magnitude of applied potential is sufficiently high, the Fermi level is 

shifted below the (now empty) surface states. Additional band bending is introduced in the 
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semiconductor as illustrated in Figure 1.12c. Since a higher bias potential needs to be applied 

to introduce a space charge layer, and thus generate a photocurrent, the effective photovoltage 

of the photoelectrode is reduced by the Fermi level pinning.125  

1.6. (Photo)electrochemical stability of metal oxide photoelectrodes 

As mentioned in Chapter 1.4, the stability of photoelectrodes is an important metric that needs 

to be understood and improved if necessary. The anodic or cathodic decomposition of an MX 

compound due to photoelectrochemical corrosion can be written as follows.126 

                                                                𝑀𝑋 + 𝑛𝑒− → 𝑀 + 𝑋𝑛−                                                                      (1.10) 

                                                                𝑀𝑋 + 𝑛ℎ+ → 𝑀𝑛+ + 𝑋                                                                    (1.11) 

From a thermodynamic point of view, the stability can be defined via the relative positions of 

the self-oxidation (ϕox) and reduction-potential (ϕred) of the material versus the VBM and CBM. 

The thermodynamic stability can then be defined by the Gerischer criteria as schematically 

depicted in Figure 1.13.127-128 Based on this considerations, a photoanode can be expected to be 

stable when ϕox is more positive than the VBM, and a photocathode can be expected to be stable 

when ϕred is more negative than the CBM. The thermodynamically stable phases are often shown 

in Pourbaix diagrams in dependence of potential and pH of the solution.129-130  

 

Figure 1.13. Schematic illustration of the evaluation of the stability of photoelectrodes based on a 

thermodynamic point of view. Stability depends on the relative positions of the thermodynamic self-

oxidation (ϕox) and self-reduction (ϕred) potentials of the material versus the VBM and CBM of the 

material.126-128, 131 

In addition to thermodynamics, kinetic factors may impact the stability of a photoelectrode. 

Here, the rate constants of the reactions are important. They describe the ratios of charges 

consumed by the self-oxidation/reduction reaction and charges consumed by the OER or HER. 

The balance between these competing processes determines the overall stability. This suggests 
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also a possible mitigation strategy by enhancing the OER/HER reaction versus the self-

oxidation/reduction reaction by application of catalysts. However, this will not help to reduce 

degradation in dark.132  

1.7. This thesis  

As outlined, there are several requirements and challenges in the search for suitable 

photoabsorber materials for solar water splitting. Several aspects of α-SnWO4 photoanodes are 

addressed in this thesis, especially the impact of surface and interface modifications and the 

related challenges. The two main challenges are the limitation of the photovoltage in NiOx-

coated α-SnWO4 films and the (photo)electrochemical stability. 

The limitation of the photovoltage in α-SnWO4/NiOx samples is investigated in Chapter 3 and 4. 

First, synchrotron-based hard X-ray photoelectron spectroscopy (HAXPES) is combined with PEC 

analysis, and complemented with density function theory (DFT) calculations and Monte Carlo-

based peak intensity simulations. Formation of a thin interfacial oxide layer at the interface of 

α-SnWO4 and NiOx is proposed. This oxide layer likely consists of SnO2 and is correlated with the 

photovoltage limitation with the help of PEC control experiments.  

The second part of the interface investigation is provided in Chapter 4. Modulated surface 

photovoltage (SPV) measurements suggested the modification of α-SnWO4 upon deposition of 

NiOx. Investigation of the interface of α-SnWO4 and SnO2 is performed as well, to clarify the 

nature of the interfacial layer structure. Valence band photoelectron spectroscopy 

complements the surface photovoltage analysis and confirms the presence of a state above the 

valence band maximum in the band gap. These observations are discussed with respect to the 

interfacial SnO2 layer and photovoltage limitation found in the first part.  

Finally, Chapter 5 is focused on the (photo)electrochemical stability of α-SnWO4 films. Detailed 

investigation of the pH and potential dependence is performed. Inductively coupled plasma -

optical emission spectroscopy (ICP-OES), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) are used for the analysis. A stability window can be defined in neutral to acidic 

conditions. In-situ spectro(photo)electrochemistry measurements provide further insight into 

the stability. Comparison of the experimental data with a theoretical Pourbaix diagram is 

performed. Finally, long-term stability investigation of α-SnWO4 films reveals the self-

passivation mechanism, which inhibits further film dissolution. 
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2. Experimental methods and procedure  

2.1. Pulsed laser deposition  

Pulsed laser deposition (PLD) is a physical vapor deposition technique, in which the target-to-

substrate transfer of the material is achieved with a laser. The laser is operated in a pulsed 

fashion and with an arrangement of lenses and mirrors the laser beam (e.g. Nd:YAG or KrF 

excimer laser) is directed into the deposition chamber. In the chamber the laser it is focused on 

the target as illustrated in Figure 2.1. The deposition chamber is kept under vacuum conditions. 

Typically the laser has an energy density (i.e., fluence) in the range of 1 to 5 J cm-2.133 Particularly 

important is the formation of the so-called plume (i.e., the vaporized material). The underlying 

physical principles are complex.134 Described in a simplified way according to the 

comprehensive overviews by Eason135 as well as Lowndes et al.,133 the plume formation occurs 

as follows: the laser beam impinges on the target and rapidly heats up the surface resulting in 

the instant (~0.1 μs) ablation or vaporization of the material in non-equilibrium conditions.  The 

laser beam only heats up a small fraction of the material, while the energy input is well above 

the threshold for evaporation. As a result, a partially ionized plume is formed. The wavelength 

of the laser is typically in the UV range and the pulse width is in the range of 0.1 – 20 ns. The 

stoichiometry of the transferred material does not depend on the vapor pressure of the 

respective elements, which is a fundamental difference to evaporation-based techniques. 

Subsequently, the plasma plume traverses to the substrate and impinges on the surface and 

film growth occurs. The whole process from ablation to film growth occurs within ~4 μs. 

Substrates are typically placed within a distance of 5 – 10 cm away from the target.133, 135  

 

Figure 2.1.  Illustration of the pulsed laser deposition (PLD) process. A UV laser (KrF-Excimer) is focused 

on the surface of a target in the vacuum deposition chamber, which is followed by the creation of the 

plasma plume. The vaporized material is transferred to the substrate where film growth occurs. Adapted 

from reference [118]. 
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Several characteristics make the PLD process attractive for thin film deposition. The 

stoichiometric target-to-substrate transfer mentioned above is typically considered as one of 

the main advantages. In practice, however, this can be more complex and additional factors 

need to be considered.136 Conceptual simplicity of the PLD experiment and applicability of a 

wide range of materials in the form of high purity targets are further advantages of PLD. During 

deposition background gases can be used for reactive processes, which broadens the flexibility 

for tuning the film properties. A kinetic energy excess of the species arriving at the substrate 

can be beneficial for the growth process, and for achieving high density films. The highly 

directed nature of the plasma plume can be partially considered as a demerit. However, 

homogeneous film thicknesses can still be achieved by a combination of target rotation and 

target raster scanning with the laser. The line-of-sight nature of the deposition process, 

however, makes PLD unsuitable for coating of nanostructured substrates. Finally, the 

alternating deposition from several targets is possible as well, when the PLD system is equipped 

with a target carousel. Such an approach can provide further flexibility in tuning the film 

composition and properties.137-139 

A significant amount of studies has been performed with the PLD technique over the last 

decades. Earlier works reach back to the year 1965,140 but the interest and number of reports 

was limited in the initial phase of PLD development.141  Commonly the report by Dijkamp and 

co-workers, in which the first successful stoichiometric deposition of the superconductor 

YBa2Cu3O7−x (YBCO) was demonstrated, is considered as an important milestone in the 

development of PLD processes.142-143 The accelerated interest in PLD processes in the years 

afterward, resulted in a significant increase in the number of  publications.141  

PLD has been used to deposit a variety of metal oxide semiconductors for water splitting, 

 among which are TiO2,144
 α-Fe2O3,145-146 BiVO4,57, 137, 147 and several other photoelectrode 

materials.90, 148-149 Beyond the preparation of polycrystalline films, PLD has been applied 

successfully for epitaxial layer deposition.98, 150-151 Epitaxial films are useful, for instance, to study 

orientation dependent film properties such as the photoelectrochemical performance.152  

2.1.1. Deposition of α-SnWO4 thin films  

α-SnWO4 thin film photoelectrodes were deposited by PLD based on the process reported by 

Kölbach et al.90 Glass substrates coated with fluorine-doped SnO2 as transparent conducting 

layer (FTO) were used. These substrates were cut to a size of ~24 x 24 mm2 and subjected to a 

cleaning procedure before film deposition. In an ultrasonic bath they were successively cleaned 
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in acetone, isopropanol, ethanol, and deionized water (Milli-Q) for 15 min each. An N2 gas 

stream was used to dry the substrates afterwards.  

A custom-built PLD setup from PREVAC (Poland) was used, which was equipped with a KrF 

excimer laser (LPXpro 210, Coherent) with a wavelength λ = 248 nm. The base pressure in the 

deposition chamber was ~10-7mbar. Films were deposited at room temperature from a ceramic 

α-SnWO4 target with a laser repetition rate of 10 Hz. The substrate-to-target distance was set 

to d = 60 mm and the laser fluence was adjusted to F = 2 J cm-2. Deposition was performed with 

an O2 background pressure of ~1 x 10-4 mbar. By adjusting the number of laser shots, the desired 

film thickness was achieved. Film crystallization in the orthorhombic α-phase was achieved by 

post-deposition annealing in a tube-furnace in Ar atmosphere at 520°C. Before annealing the 

tube was evacuated and flushed two times to keep the O2 content during annealing as low as 

possible.  

The target was prepared by mixing stoichiometric amounts of WO3 (99.998 % purity, Alfa Aesar) 

and SnO powder (99.99 % purity, Sigma-Aldrich). Powders were mixed with a ball mill and 

subsequently pressed in the form of a pellet. Annealing at 740°C in Ar atmosphere was used to 

achieve the solid-state reaction. Presence of the α-phase of the target was confirmed by X-ray 

diffraction.  

2.1.2. Deposition of NiOx overlayers  

NiOx overlayers were deposited by a reactive PLD process as reported in the literature.90 The 

same system described in the previous section was used for deposition. A metallic Ni target 

(99.99 %, Alfa Aesar) was ablated with F = 2 J cm-2 and a laser repetition rate of 10 Hz. During 

deposition the substrate was kept at room temperature and the O2 background pressure during 

deposition was 5 x 10-2 mbar. Between substrate and target a distance of d = 60 mm was set. 

The number of laser shots was adjusted to achieve the desired layer thickness. 

2.2. X-ray diffraction  

In Chapter 3 and 4 characterization of the crystalline phase was performed with a Bruker D8 

Advance diffractometer, in which a grazing incidence configuration was used. The X-ray beam 

strikes the sample surface with a grazing angle of 0.5°, thereby enhancing the signal 

contribution from the film compared to that of the substrate. The system is equipped with an 

X-ray tube emitting Cu Kα radiation with a wavelength λ = 1.5406 Å. The tube was operated 

with an acceleration voltage of 40 kV and a current of 40 mA. X-ray diffractograms were 

recorded with a step size of 0.02°, while each step was measured for 6 s. 
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XRD characterization in Chapter 5 was performed with a PANalytical X’Pert Pro multipurpose 

diffractometer operated with an acceleration voltage of 40 kV and a current of 40 mA. The setup 

provides the ability to adjust the spot size of the X-ray beam on the sample. In the present study, 

this was adjusted to 6  6 mm2 to probe only the area that was exposed to the 

photoelectrochemical treatment. The step size was 0.04° and during each step the signal was 

counted for 8 s. 

2.3. Photoelectron Spectroscopy  

Photoelectron or photoemission spectroscopy (PES) was extensively used in this study and, 

therefore, a few important features are briefly summarized here. PES is a widely used technique 

to study the chemical and electronic surface properties. The surface sensitivity, being to some 

degree tunable, is thereby an important feature of this technique. This feature originates from 

the underlying physical principle. When photons with an kinetic energy exceeding the ionization 

potential strike the surface of the material to be analyzed, photoelectrons are emitted 

according the external photoelectric effect.153 In Figure 2.2 the principle is schematically 

illustrated. Electrical contact between sample and analyzer results in alignment of the Fermi 

levels and, consequently, the work function of the sample is not relevant. After being emitted 

from the sample a photoelectron has the kinetic energy Ekin as described in the following 

equation:  

                                                                   𝐸kin = h𝜈 − 𝐸bind − 𝜑spec                                                   (2.1) 

Ekin  depends on the photon energy hν, the binding energy Ebind of the energetic level from which 

the photoelectron is excited, and the work function of the spectrometer φspec.154-155 

The surface spectroscopic information of the photoelectrons is revealed during analysis of the 

photoelectron energies, which are measured in a hemispherical analyzer. The analyzer consists 

of an outer and inner hemisphere at which negative and positive electric potentials are applied. 

In the fixed analyzer transmission mode, the pass energy which defines the mean radius is kept 

constant. In every photoemission spectroscopy experiment, the pass energy is an important 

metric, which influences the energy resolution of the measurement. The above-mentioned 

surface sensitivity is a consequence of the dependence of the inelastic mean free path (IMFP) 

λIMPF of the photoelectron on its energy. A reduction of the surface sensitivity, to study for 

instance buried interfaces, can be achieved by an increase of the photon energy; this will 

increase the energy of the excited photoelectron and, therefore, its IMFP. According to the 

energy range of the photon source, photoemission spectroscopy can be classified as ultraviolet 

photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS) and hard X-ray 
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photoelectron spectroscopy (HAXPES), where UPS has the highest surface sensitivity and 

HAXPES has the lowest surface sensitivity. 

 

Figure 2.2. Principle of photoelectron spectroscopy illustrated on a simplified band diagram. A photon 

with kinetic energy hν strikes the surface of a sample, and excites a photoelectron above the vacuum 

level energy Evac according to the external photoelectric effect. The energy dependent analysis of the 

photoelectrons provides chemical and electronic information of the sample. Ecore denotes the energy level 

of a core level, EB the binding energy, ϕsample the work function of the sample, ϕspec the work function of 

the spectrometer, Ekin the kinetic energy of the photoelectron, EVBM the valence band maximum energy 

and ECBM the energy level of the conduction band minimum. 

2.3.1. Lab-based X-ray photoelectron spectroscopy  

Lab-based X-ray photoelectron spectroscopy was performed with a Al Kα X-ray source, which 

provides an excitation energy of λ = 1486.74 eV. The setup is equipped with a SPECS Focus 500 

monochromator and a SPECS Phoibos 100 hemispherical analyzer. The beam spot size on the 

sample was 1 mm x 3.5 mm. In the analysis chamber the base pressure was ~10-9 mbar. Core 

level spectra were recorded with a step size 0.05 eV and a pass energy of 10 eV. Quantitative 

analysis was performed by a peak fitting procedure. Prior to analysis of the core level spectra, 

a Shirley baseline subtraction was performed. Pseudo Voigt functions were used to model the 

peak shape. These functions are defined by a convolution of gaussian and Lorentzian functions. 

Further parameters included in the fitting model are the FWHM of the peaks, peak intensity 

ratios, and binding energy differences between different oxidation states. Beginning with the 

starting parameters of the fitting model, chi-square optimization was performed to optimize 

the fitting results. In order to estimate the relative contribution CA of an oxidation state A, de-

convoluted from a peak with oxidation states A and B, the following formula 2.2 was used. 
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                                                                          𝐶A =
𝑋A

𝑋B+𝑋A
                                                                              (2.2) 

Here, XA and XB are the integrated areas of the peaks corresponding to the states A and B (for 

instance, Sn2+ and Sn4+ in the present study). 

2.3.2. Hard X-ray photoelectron spectroscopy at BESSY II 

PES using higher Photon energies was applied in the present study in Chapter 3 and 4. HAXPES 

measurements were performed at the BESSY II synchrotron facility at Helmholtz-Zentrum 

Berlin, Germany. Here, the tunable X-ray source was the high kinetic energy photoemission end 

station (HIKE)156 at the KMC-1 beamline.157 Photon energies in the range of 2 to 12 keV are 

available. In the present study photon energies of 2003 eV, 4000 eV and 6009 eV were used, 

which are abbreviated as 2, 4 and 6 keV in the remaining part of this thesis. The energies were 

selected with the help of a Si (111) and Si (311) double crystal monochromator. Emitted 

photoelectrons were detected with a Scienta R4000 analyzer. The analysis chamber had a base 

pressure of ~10-8 mbar. Core level and valence band spectra were recorded with a step size of 

0.05 eV in Chapter 3 and 0.1 eV in Chapter 4. The pass energy was set to 200 eV. The number 

of scans (i.e., the measurement duration) measured in the different core level regions was 

adjusted flexibly according to the respective signal intensity, to obtain a reasonably good signal-

to-noise-ratio, while excluding unreasonably long measurement times.  The binding energies 

were referenced to the Au 4f core level at 84.0 eV. This was measured before and after the 

sample measurement on a piece of Au foil mounted in the analysis chamber, where the sample 

and Au foil shared a common ground. Quantitative analysis was performed as described in the 

previous section.  

2.3.3. Resonant photoelectron spectroscopy at BESSY II 

In Chapter 4 resonant photoemission spectroscopy (ResPES) was performed at the HIKE156 end 

station at the KMC-1 beamline157 at BESSY II. First, the absorption edges of W and Sn were 

measured using X-ray absorption spectroscopy (XAS). A Bruker XFlash 4010 fluorescence 

detector was used to detect the signal. The minimum accessible photon energy is 2000 eV and, 

therefore, the W M-edge was recorded with the Si (111) double crystal monochromator. The 

Sn L-edge was recorded with the Si (111) and Si (311) double crystal monochromators. 

Subsequently, HAXPES was used to measure valence band spectra with excitation energies 

corresponding to features in the absorption spectra, i.e., the measurement was performed 

under resonant conditions. The valence band spectra were recorded with a step size of 0.1 eV 

and a pass energy of 200 eV. As described in the previous section, the binding energies were 
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referenced to the Au 4f core level at 84.0 eV, measured on a piece of Au foil for all different 

excitation energies.  

2.4. Photoelectrochemical measurements  

A three-electrode configuration was used as the standard setup for photoelectrochemical (PEC) 

measurements. The used custom-made Teflon cell is schematically depicted in Figure 2.3. The 

cell has a transparent quartz window for sample illumination. As reference electrode an Ag/AgCl 

electrode (XR300, KCl saturated, Radiometer Analytics) was used and a platinum wire was used 

as the counter electrode of the measurement. Electrical contacting of the sample (i.e., the 

working electrode) was achieved by gluing a wire to the underlying transparent conducting 

oxide. The illuminated area of the sample is given by a circular area with a diameter of dWE.  

AM1.5 solar radiation was simulated with a WACOM super solar simulator (Model WXS-505-5h, 

AM1.5, Class AAA). An EG&G Princeton Applied Research (Model 273A) potentiostat was used 

for the measurements. Potentials were converted to the reversible hydrogen electrode (RHE) 

scale by applying the Nernst equation (equation 2.3). Vapp is the applied potential, VAg/AgCl is the 

potential measured at the reference electrode and standard potential E°Ag/AgCl = 0.199 V.126 

                                                     𝑉app = 𝑉Ag/AgCl + 0.059pH + 𝐸Ag/AgCl
°                                            (2.3) 

 

Figure 2.3. Schematic illustration of the three-electrode setup for photoelectrochemical measurements, 

including the working electrode (WE), the reference electrode (RE) and the counter electrode (CE). 

Adapted from reference [158].  

α-SnWO4 films were typically measured in a 0.5 M potassium phosphate buffer (KPi) at pH ~7, 

which changes to ~7.2 after addition of 0.5 M Na2SO3 as a hole scavenger. The buffer was made 

from KH2PO4 (≥ 99.0 %, Sigma-Aldrich) and K2HPO4  3 H2O (≥ 99.0 %, Sigma-Aldrich). Unless 

otherwise stated, the diameter of the illuminated area was dWE = 6 mm, resulting in an 

illumination area of 0.28 cm2.  Open circuit potential (OCP) measurements in Chapter 3 were 

performed in 0.5 M KPi with 0.5 M Na2SO3 at pH ~7.2.  
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In Chapter 4 the SnO2 layer on the surface of α-SnWO4 was introduced by photoelectrochemical 

oxidation. The illuminated area had a diameter of dWE = 10 mm. A potential of 1.23 V vs. RHE 

was applied for different durations to achieve different thicknesses of the oxidized layer. The 

electrolyte was 0.5 M KPi with 0.5 M Na2SO3 at pH ~7.2. 

In Chapter 5 PEC measurements for the stability investigation of α-SnWO4 films were performed 

in various electrolytes with different pH values. For pH 2 a 0.1 M HCl/KCl buffer was used, which 

was made from 1 M HCl (PanReac AppliChem ITW Reagents) and KCl (Bernd Kraft). 

Measurements in pH 5, 7, and 9 were performed in KPi. For pH 13, 0.1 M KOH (Karl Roth GmbH) 

was used.  

2.5. Spectro(photo)electrochemistry  

 

Figure 2.4. Schematic illustration of the spectro(photo)electrochemistry setup used for the stability study 

of α-SnWO4 in Chapter 5. The sample is mounted in a PEC cell that is filled with the respective electrolyte. 

Charge carriers are generated with a UV-LED. A deuterium-halogen light source and a USB spectrometer 

are used to probe the change in transmission to investigate the stability. The light is guided through 

solarization-resistant optical fiber/collimator assemblies. 

In Chapter 5 the stability of α-SnWO4 films was also investigated by spectro(photo)-

electrochemistry. Here, a PEC measurement is combined with the in-situ measurement of the 

optical transmission. From the change in the transmission of the α-SnWO4 films, information 

about their stability can be obtained. A schematic illustration of the setup is shown in Figure 2.4. 

The sample is placed in a PEC cell, and the potential was applied in a three-electrode 

configuration with an EG&G Princeton Applied Research (Model 273A) potentiostat. A platinum 

wire and an Ag/AgCl electrode (XR300, KCl saturated, Radiometer Analytics) were used as 

counter and reference electrodes, respectively. Charge carriers were generated by irradiation 

with a UV-LED (λ = 365 nm, Thorlabs). The change in transmission was measured with a white 

light source (Deuterium-Halogen lamp, DH-2000-BAL, Ocean Optics) combined with a USB 

spectrometer (2000-Pro, Ocean Optics). Solarization-resistant optical fiber/collimator 
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assemblies were used to guide the signal from the white lamp to the sample and from the 

sample to the spectrometer.  

The spectrometer input signal can be switched between the light transmitted through the 

sample and white light source itself. To confirm that the recorded change in transmission was 

not significantly influenced by slow fluctuations of the white light source, the input signal was 

switched several times to the lamp intensity during each measurement. A MATLAB script was 

finally used for data processing, in which the control datapoints for the recorded source 

intensity measurements were removed. The change in optical density ΔOD was plotted and 

calculated by the following equation:  

                                                                  ∆OD = − log (
𝑇

𝑇ref
)                                                                   (2.4) 

Here, TI is the transmitted signal intensity and Tref the reference signal, which is the transmitted 

signal intensity before the start of the PEC measurement.                                                   

2.6. Inductively coupled plasma - optical emission spectroscopy  

Inductively coupled plasma - optical emission spectroscopy (ICP - OES) is a widely used analytical 

tool to quantify the presence of elemental traces in a sample. In brief, the technique works as 

follows: liquid samples are typically introduced into the system and vaporized by a plasma with 

temperatures up to 10,000°C.159 The atomic excitation and subsequent emission of photons 

with characteristic wavelength during decay processes can be used to detect the elemental 

concentrations. This is achieved in combination with a spectrometer and detector.159  

In order to study the stability of α-SnWO4 films, ICP-OES was used in Chapter 5. The used 

experimental setup was a Thermo iCAP 7400 system (Thermo Fischer Scientific), which was 

operated in the axial mode.  An auxiliary Ar gas flow of 0.5 l/min was used and the exposure 

time during the measurement was set to 10 s. After PEC measurements on the α-SnWO4 films 

under various conditions, the electrolyte was measured by ICP-OES to detect the presence of 

corrosion products (i.e., Sn, W, Ni). In each measurement sequence a reference sample of the 

respective electrolyte was measured, i.e., the fresh electrolyte without corrosion products. For 

calibration, standard solutions were prepared with four to five different concentrations 

covering the measurement range. The initial concentration of the commercial ICP-OES 

standards was 1000 g/l and had to be diluted in the respective matrix of the standard solution.  

A 10 % HCl matrix (Roti Star, Carl Roth GmbH; 99.99 % purity) was used for the Sn standard and 

a 4 % NH3 matrix (Roti Star, Carl Roth GmbH; 99.99 % purity) for the W standard. For Ni a 

commercial multi-element standard was used, which had a 6.5 % HNO3 matrix.  
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2.7. Modulated surface photovoltage analysis   

Several electronic properties such as transport mechanisms, charge carrier trapping, or 

electronic states can be investigated by surface photovoltage (SPV) measurements. SPV analysis 

has been used in several studies related to metal oxide semiconductors for PEC.160-161 First 

reports on SPV reach back to Brattain in the year 1947.162-163  

As the name suggests, an SPV signal originates from the change of surface potential due to the 

generation of charge carriers upon illumination.164-165 An essential feature for the occurrence of 

a SPV signal is, therefore, the spatial redistribution of charge carriers after their generation. The 

charge carrier generation results in a change of the contact potential (difference in work 

function) between the sample and a reference electrode, ΔCPD. A SPV signal is then defined as 

follows: 

                                                                           SPV =  −∆𝐶𝑃𝐷                                                                (2.5) 

Typical setups are based on a Kelvin probe or a fixed capacitor configuration. The fixed capacitor 

arrangement provides higher sensitivity and is schematically illustrated in Figure 2.5.166 

Between the sample electrode and the reference electrode (e.g. FTO layer deposited on SiO2 

cylinder) a fixed distance d is set, which explains the name of this configuration. In between an 

insulator (mica sheet) is placed such that a measurement capacitor Cm is formed. The voltage 

across this capacitor is measured with a high impedance buffer as illustrated on the right side 

in Figure 2.5.  

 

Figure 2.5. (left) Illustration of a typical SPV measurement setup with a fixed capacitor configuration. The 

distance d between the reference electrode and the sample electrode is fixed, and thereby a 

measurement capacitor is formed. (right) Equivalent circuit of the setup including the measurement 

capacitor Cm, measurement resistance Rm, high impedance buffer, and dual phase lock in amplifier for 

signal recording. The illustrations are based on the review by Chen et al.165 
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Using a double phase lock-in amplifier, the in-phase signal X and the Y signal shifted by 90° can 

then be recorded, which are defined as follows.166   

                                                         𝑋 = ∫ 𝑆𝑃𝑉(𝑡) ∙ sin(2𝜋 ∙ 𝑓mod ∙ 𝑡)𝑑𝑡                                                      (2.6) 

                                                        𝑌 = ∫ 𝑆𝑃𝑉(𝑡) ∙ cos(2𝜋 ∙ 𝑓mod ∙ 𝑡)𝑑𝑡                                                     (2.7) 

The purpose of this technique is to obtain information about fast and slow processes that 

contribute to the SPV signal. Therefore, X and Y are also called the fast and slow response of the 

signal, respectively. Important to note is that these signals are related to the modulation 

frequency of the light source fmod as seen equations 2.6 and 2.7. The 90° phase shift  corresponds 

to Tmod/4, where Tmod is the modulation period and Tmod= 1/fmod.166 In the fast response signal, 

the dominating contribution is typically given by free charge carriers, and the slow response is 

often dominated by trapped charge carriers. The sign of the fast and slow responses can also 

give information about the preferential direction of the redistributed charge carriers. A positive 

X and a negative Y signal are related to preferential movement of electrons to the back 

electrode of sample (e.g. the FTO substrate). Other scenarios are in general possible as well. 

The X and Y signals, for instance, can also both be positive, indicating an opposite direction of 

charge carriers that contribute to the fast and slow response.166 

Another representation of the X and Y signals can be defined via the photovoltage amplitude R 

and the phase angle ϕ, as defined in equation 2.8 and 2.9.166 In this representation, it is the 

phase angle that provides information about the preferential direction of the redistributed 

charge carriers. Finally it is noted that an SPV signal can not only originate from band transitions 

dominating above the band gap energy, but also from transitions from surface or bulk defect 

states to conduction band states.164 

                                                                             𝑅 = √𝑋2 + 𝑌2                                                               (2.8) 

                                                                          𝜑 =
180°

𝜋
𝑎𝑟𝑐𝑡𝑎𝑛

𝑌

𝑋
                                                              (2.9) 

In Chapter 4 SPV analysis was used to study α-SnWO4 and α-SnWO4/NiOx samples. A halogen 

lamp was used as the light source and modulated with a frequency of fmod = 8 Hz. The 

measurements were performed on a sample area of 0.5 mm2. 
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2.8. Transmission electron microscopy  

In Chapter 3 transmission electron microscopy (TEM) was performed with a Philips CM12/STEM.  

In the setup a LaB6 cathode is used, and high resolution can be obtained with a super twin lens.   

The acceleration voltage, used to record the transmission electron micrographs, was 120 keV.   

Sample preparation was performed with several polishing steps. When a thickness of 4 - 6 μm 

was achieved, a Mo ring was attached to the sample. Finally, the thickness of the sample was 

further reduced, using an Ar ion mill, to obtain electron transparency.
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3. Interfacial oxide formation limits the photovoltage in  

α-SnWO4/NiOx photoanodes prepared by pulsed laser deposition 

 

Parts of this chapter are included in the following publication:  

Patrick Schnell, Moritz Kölbach, Markus Schleuning, Keisuke Obata, Rowshanak Irani, Ibbi Y. 

Ahmet, Moussab Harb, David E. Starr, Roel van de Krol and Fatwa F. Abdi 

Advanced Energy Materials 11, 2021, 2003183 (DOI: 10.1002/aenm.202003183) 

3.1. Introduction 

α-SnWO4 is an n-type semiconductor with promising properties for photoelectrochemical water 

splitting. Among these properties is the band gap of 1.9 eV90 as well as the flat band potential 

of ~0 V vs. RHE.113-114, 116  Using AM1.5 solar radiation, a theoretical maximum photocurrent of 

~17 mA cm-2 is predicted, which is significantly higher than that of the well-known BiVO4 

(theoretical maximum photocurrent of ~7.5 mA cm2).50-51, 167 Until recently, however, the 

reported photocurrents for α-SnWO4 films were very low (< 0.1 mA cm-2),110, 113-114, 116 which is 

often correlated with fast oxidation of Sn2+ to Sn4+ at the surface of α-SnWO4. In 2018 Kölbach 

et al. reported significant improvement in the PEC performance of PLD-made α-SnWO4 films by 

deposition of a 20 nm NiOx overlayer by PLD.90 A photocurrent density of 0.75 mA cm2 measured 

in pH 7 electrolyte (0.5 M KPi + 0.5 M Na2SO3 added as a hole scavenger) was reported, which is 

the highest demonstrated photocurrent density for α-SnWO4 photoanodes up to now. Despite 

this improvement in photocurrent, the photovoltage in α-SnWO4/NiOx films was found to be 

limited, as observed by a relatively high onset potential in cyclic voltammetry. Fermi level 

pinning at the interface of α-SnWO4 and NiOx was suggested to be the origin of this limitation. 

A detailed investigation of this hypothesis, however, has not been reported thus far. Gaining 

knowledge about this limitation is, therefore, of great importance for the further development 

of α-SnWO4 photoanodes. Then suitable concepts for improvement can be developed, with the 

ultimate goal of achieving significantly higher photocurrent densities along with a low 

photocurrent onset potential. A more detailed review of the properties and progress of  

α-SnWO4 films is provided in Chapter 1.4.1. 

In the present chapter, a detailed investigation of the α-SnWO4/NiOx is presented to understand 

the interface issue described above. The photovoltage limitation is verified using open circuit 

potential analysis and correlated with the NiOx layer thickness. Hard X-ray photoelectron 

spectroscopy (HAXPES) was performed at the BESSY II synchrotron facility at Helmholtz-

Zentrum Berlin. The obtained data are interpreted with respect to the change of surface 
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oxidation states and band bending upon deposition of NiOx overlayers with varying thickness. 

The discussion of the data with respect to the photovoltage limitation is supported by Density 

functional theory (DFT) calculations, Monte Carlo-based photoemission spectra simulation, and 

PEC control experiments. Based on this thorough discussion, an explanation for the origin of the 

photovoltage limitation in α-SnWO4/NiOx photoanodes is proposed.  

3.2. Verification of the photovoltage limitation in α-SnWO4/NiOx photoanodes 

First, the α-SnWO4/NiOx interface limitation is investigated using a PEC method. Here, 

measurement of the ΔOCP, i.e., the difference in open circuit potential between illumination 

and dark, is used as an (approximate) measure to determine the photovoltage. For these 

measurements, α-SnWO4 films with a thickness of ~100 nm were deposited by PLD. XRD was 

used to verify the phase purity of the films after crystallization. A representative X-ray 

diffractogram is shown in Figure A1. Samples were then coated with varying thickness of PLD-

deposited NiOx (see Chapter 2.1. for procedure). On all samples the ΔOCP was measured in a 

pH 7.2 electrolyte with 0.5 M KPi + 0.5 M Na2SO3 added as a hole scavenger. In Figure 3.1 the 

obtained data are depicted, where a clear decrease of the ΔOCP can be observed starting from 

the pristine α-SnWO4 film, which saturates for NiOx layer thicknesses larger than 10 nm. The 

observation of a reduced ΔOCP with NiOx deposition agrees well with the observations made 

by Kölbach et al.90  

 

Figure 3.1. Open circuit potential analysis (ΔOCP; difference between light and AM1.5 illumination) of  

α-SnWO4 films coated with different thicknesses of PLD NiOx in comparison to the pristine film (0 nm 

NiOx) The electrolyte was 0.5 M KPi with 0.5 M Na2SO3 added as a hole scavenger at pH ~7.2. The ΔOCP 

decreases with an increasing NiOx layer thickness and saturates at a value of ~0.1 V for NiOx thicknesses 

larger than 10 nm, indicating that the deposition of NiOx introduces a limitation of the photovoltage. The 

error of the NiOx layer thickness is based on the deposition rate calibration and was estimated to be 10 %. 
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The extended analysis in the present study gives additional insight and reveals that the 

magnitude of photovoltage reduction depends on the NiOx layer thickness (in the previous 

analysis the NiOx thickness was limited to 20 nm). In general, a limited photovoltage can be 

related to the presence of intra-band states as reported for other metal oxide 

semiconductors.168-169 A possible origin for such states may be found in the preparation 

procedure of the α-SnWO4/NiOx samples in the present study. After deposition in the PLD 

chamber, the SnWO4 films are transferred to a tube furnace, while the samples are exposed to 

air, and afterwards transferred back to the PLD chamber for NiOx deposition. The air exposure 

may lead to the formation of hydroxide or oxyhydroxide species at the surface. Consequently, 

intra-band states may be introduced.168-169 This could be ruled out, however, by the 

development of an alternative preparation procedure, where air exposure is prevented by 

performing all preparation steps in the PLD chamber. In Figure 3.2a the LSV (linear sweep 

voltammetry) scans of samples prepared with both procedures are compared, and despite the 

variation of the dark current, a clear difference in the high onset potential cannot be observed.  

The photocurrent densities presented in (b) also do not show a clear difference, and the values 

are in general agreement with the earlier report in literature.90    

 

Figure 3.2. Comparison of the two preparation procedures for α-SnWO4 films coated with 20 nm NiOx.  

After room temperature deposition in the PLD chamber samples are either transferred to a tube furnace 

for crystallization (while breaking the vacuum during transfer) or annealing is performed in the PLD 

chamber (without breaking vacuum). Afterwards NiOx deposition was performed. In (a) LSV (linear sweep 

voltammetry) curves are shown for two representative samples, where a clear difference cannot be 

observed, despite variation in the dark current. The photocurrent densities for both types of samples are 

similar as shown in (b). 
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3.3. Investigation of the α-SnWO4/NiOx interface by hard X-ray photoelectron 

spectroscopy 

In order to obtain detailed understanding of the α-SnWO4/NiOx interface, and to interpret the 

ΔOCP analysis in the previous section, HAXPES measurements were performed at the BESSY II 

synchrotron facility. As in the case of the ΔOCP measurements, α-SnWO4 films were coated with 

NiOx films of varying thickness, as schematically described in Figure 3.3. In addition to the 

variation of the NiOx thickness, the information depth is varied by changing the kinetic photon 

energy (between 2 - 6 keV). This is an eminent capability of synchrotron-based photoemission 

experiments. The mean free path λIMPF of the emitted photoelectrons and, therefore, the 

probing depth σ in the material (σ = 3 λIMPF) depends on the kinetic energy of incident photons, 

as defined in Chapter 2.3 in equation 2.1.   

 

Figure 3.3. Hard X-ray photoelectron spectroscopy study of the α-SnWO4/NiOx interface performed at 

the BESSY II synchrotron facility at HZB. The experimental procedure of the interface experiment is 

schematically depicted. α-SnWO4 films with a thickness of 100 nm are coated with PLD-deposited NiOx 

with varying thickness in the range of 2 to 50 nm, and are compared with a pristine α-SnWO4 film. Signal 

arising from α-SnWO4 is attenuated with an increasing NiOx thickness, as indicated by the orange (α-

SnWO4) and grey (NiOx) arrows. As indicated in the figure, the probing depth σ (equivalent to three times 

the mean free path λIMPF) increases with an increasing photon energy hv, which can be used to resolve 

interfacial features.    

In principle, interfacial features can thereby be de-convoluted from features related to the 

surface or bulk of the probed material stack.  First of all, pristine α-SnWO4 films were 

investigated by HAXPES to set the baseline for the evaluation of the chemical sates at the 

interface. In Figure 3.4 the W 4f and Sn 3d core levels are depicted, which were measured with 

hν = 2 keV. Using a peak fitting procedure (see Chapter 2.3. for details), the W 4f core level can 

be de-convoluted in a W6+ contribution and a W5+ contribution. W6+ is the nominal oxidation 

state in α-SnWO4 and, therefore, the high contribution is expected. The small contribution of 

W5+ is not related to beam damage, which was confirmed by a beam damage study using several 

beam filters, while measuring at different spots on the sample. An impact of the beam intensity 
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and measurement spot on the relative contribution of W5+ was not observed (see Figure S2 for 

the spectra and analysis). A contribution of W5+ could also be observed by lab-based X-ray 

photoelectron spectroscopy (XPS), which was not the case in a previous report.90 However, in 

both studies the ΔOCP and photocurrent onset potential are very similar, which are the 

parameters of interest in this study. This confirms that the W5+ contribution has no impact on 

the junction properties in the present study. At this point, it has to be mentioned that the origin 

of the W5+ contribution cannot be fully clarified in the present study, although it may be 

interesting to study the impact of the W5+ contribution on the charge transport properties. 

Further studies may be conducted in the future to reveal the impact on the bulk properties. In 

the Sn 3d core level spectrum mainly a Sn2+ contribution is present, as expected in α-SnWO4. 

The peak asymmetry towards higher binding energy indicates the presence of oxidized Sn4+, 

which has an estimated relative contribution of 18 ± 3 %. Presence of a small Sn4+ contribution 

was expected, and lab-based XPS (hν = 1486.74 eV) in a previous study showed a Sn4+ 

contribution of comparable magnitude.90 

 

Figure 3.4. Analysis of W 4f (a) and Sn 3d (b) core level spectra measured by HAXPES on a pristine  

α-SnWO4 film with a photon energy of hν = 2 keV. The fitted spectra are included. In addition to the 

nominal oxidation states in α-SnWO4 (W6+ and Sn2+), also contributions of W5+ and Sn4+ are present. The 

presence of Sn4+ is also seen in the peak asymmetry towards higher binding energy EB in the Sn 3d core 

level. The relative contributions of the Sn4+ and W5+ species are indicated in the figure.  
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Figure 3.5. Dependence of the relative W5+ and Sn4+ contributions on the probing depth σ (i.e., photon 

energy, shown on the top x-axis). The measurements were performed on a pristine α-SnWO4 film, and 

the contributions were estimated by a peak fitting procedure. The relative W5+ contribution increase 

towards the bulk of the material, whereas the presence of Sn4+ is higher at the surface in comparison to 

the bulk.  

Varying the photon energy of the core level measurements of the pristine film reveals an 

increase of the relative W5+ contribution with increasing photon energy hν, as shown in Figure 

3.5 (see Figure A3a for the spectra). This observation suggests a higher contribution of W5+ in 

the bulk of the material compared to the surface. The relative Sn4+ contribution shows an 

opposite behavior and tends to decrease with increasing probing depth σ (see Figure A3b for 

the spectra). This suggests a higher contribution of Sn4+ at the surface in comparison to the bulk, 

and indicates the relevance of the Sn4+ contribution for the present study of the  

α-SnWO4 surface/interface. Under the conditions of the HAXPES experiment, significant band 

bending at the surface of pristine α-SnWO4 cannot be found, as evidenced by the absence of a 

binding energy shift with varying photon energies hν as seen in Figure A3. Measurements of the 

O 1s and valence band spectra of the pristine film can be found in Figure A3c and (d).  

In the next step, the influence of the NiOx layer on the chemical states at the α-SnWO4/NiOx 

interface is evaluated. In Figure 3.6a the W 4f core level spectrum of the pristine α-SnWO4 film 

is compared with the spectra of films coated with NiOx thicknesses between 2 nm and 50 nm. 

Here, the measurement was performed with hν = 2 keV. The fitted spectra as well as the spectra 

measured at different photon energies can be found in Figure A4 - 6. A clear shift of the binding 

energies to lower values is observed for the W6+ peak with increasing NiOx layer thickness. For 

illustration of the peak shift a vertical dashed line (cyan color) is added in the graph at the 
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position corresponding to the W6+ peak of the pristine film. In contrast, the binding energy of 

W5+ remains relatively constant as indicated by the dashed vertical line (red color) located at 

33.8 eV. For higher photon energies, the W5+ peak also position remains relatively constant (see 

Figure A6). The relative contribution of W5+ seems to decrease for larger NiOx thickness 

(> 10 nm) more than expected by the attenuation of the NiOx layer (see Figure 3.6c). It is noted, 

however, that quantitative evaluation is precluded due to the poor signal-to-noise ratio.  

Especially for higher photon energies the tendency for a decreasing W5+ contribution with 

increasing NiOx thickness can be observed, which can be seen more clearly in the inset of Figure 

3.6c. For the higher photon energies, the W5+ contributions are high enough to be evaluated 

quantitatively, whereas for 2 keV measurements, this is not possible for the larger NiOx 

thicknesses. This finding agrees well with the suggestion above in Figure 3.5 that W5+ has a 

higher contribution in the bulk in comparison to the surface/interface of α-SnWO4.  

The Sn 3d core level spectra of the pristine α-SnWO4 film and the NiOx-coated films are shown 

in Figure 3.6b. De-convolution into a Sn2+ and Sn4+ contribution can be achieved by a peak fitting 

procedure. The peak maxima shift to higher binding energies, which is related to a significant 

increase of the relative Sn4+ contribution (see Figure 3.6d).  For NiOx thicknesses larger than 

10 nm, Sn4+ becomes the dominant contribution to the total signal for measurements 

performed with hν = 2 keV. Further increase of the Sn4+ contribution is less pronounced and 

seems to correlate with the saturation of the ΔOCP at thicknesses beyond 10 nm (see 

Figure 3.1). Measurements performed with higher photon energies (i.e., larger probing depths 

σ) show the same trend. As observed for the 2 keV measurements, in the measurements with 

higher photon energies, the strongest increase of the Sn4+ contribution is observed up to 10 nm 

NiOx. Overall the increase of the Sn4+ contribution is smaller for larger probing depths, indicating 

that the observed oxidation of Sn2+ to Sn4+ is a phenomenon that mainly occurs at the α-

SnWO4/NiOx interface and, therefore, not in the bulk of the material. A detailed discussion of 

the Sn4+ contribution with respect the interface properties and photovoltage is presented in 

Chapter 3.4.  
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Figure 3.6. (a) and (b) show W 4f and Sn 3d core level spectra of a pristine α-SnWO4 film and spectra of 

films coated with varying NiOx thickness. The measurements were performed with a photon energy of 

2 keV. The binding energies of W5+, W6+ and Sn4+ of the pristine film are indicated by the dashed vertical 

line. (c) Relative W5+ contribution as a function of the NiOx layer thickness measured with different photon 

energies. A tendency for a decrease in the W5+ contribution with increasing NiOx thickness can be 

observed, mainly for higher kinetic energies, which can be seen in more detail in the inset. (d) The relative 

Sn4+ contribution increases with increasing NiOx thickness. This oxidation phenomenon of Sn2+ to Sn4+ is 

occurring predominantly at the interface, indicated by the larger increase in the contributions extracted 

from measurements with lower photon energy (i.e., shorter probing depth). For some of the measured 

W 4f and Sn 3d spectra, the relative contributions could not be extracted by peak fitting due to the poor 

signal-to-noise ratio.     
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The observations in the remaining spectra (Ni 2p, O 1s, and valence band) are less significant 

for the discussion of the interfacial properties, and are only briefly summarized at this point. 

The Ni 2p core level spectra were measured for all samples with varying photon energy and are 

shown in Figure A7. A change in the chemical nature of the NiOx layer with increasing thickness 

is not observed due to the absence of significant changes in the Ni 2p core level, as described 

in more detail in Figure A8. In Figure A7 the O 1s core level spectra are depicted, which were 

also recorded with different photon energies. As expected, the ratio between peaks arising from 

oxygen in α-SnWO4 (at higher binding energy) and NiOx (at lower binding energy) changes with 

an increasing NiOx thickness. This is also true for variation of the photon energy, where a change 

in the oxygen peak ratio is also expected by the variation of the probing depth σ (see Figure A7). 

For all samples valence band spectra were recorded, which can be found in Figure A9. A 

convolution of states related to α-SnWO4 and NiOx can be observed. With increasing NiOx 

thickness features corresponding to NiOx become larger and features of the α-SnWO4 valence 

band become smaller. A more detailed discussion of valence band spectra of α-SnWO4 is given 

in Chapter 4.  

Finally, it should be noted that there seems to be an inconsistency between the expected 

probing depths σ and the experimental ability to detect the W 4f and Sn 3d core levels also for 

larger NiOx layer thicknesses (see Figure 3.6a and (b) and Figure A6 for higher photon energies). 

That is, it would be expected for larger NiOx thickness that the W 4f and Sn 3d core levels are 

not visible. This notion can be explained by the morphology of the NiOx layer. As shown 

previously by scanning electron microscopy, the morphology of the NiOx layer exhibits an island 

growth, rather than being flat and dense.90 

 When de-convoluting the core level spectra in their respective contributions, the binding 

energies can be analyzed as well. In Figure 3.7 the binding energies of W 4f7/2 (a) and Sn 3d5/2 

(b) are shown as a function of the NiOx layer thickness. The fitted core level spectra can be found 

in Figure A4 and A5. All different oxidation states (W6+, W5+, Sn2+, and Sn4+) are shown 

separately. For W6+ a shift towards lower binding energies of up to ~0.4 eV can be found. A 

significant shift of the W5+ peak position, in contrast, is not observed. The NiOx deposition seems 

to have no impact on the W5+ binding energy; see next paragraph for discussion of this 

observation. The Sn 3d5/2 peaks (i.e., Sn2+ and Sn4+) also exhibit a shift towards lower binding 

energy of up to ~0.4 eV, which saturates after deposition of 10 nm NiOx. This is the same 

magnitude of binding energy shift as seen for the W6+ peak. The correlated shift in the binding 

energy of W6+, Sn2+, and Sn4+ indicates a change in band bending at the surface of α-SnWO4, 
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induced by the deposition of NiOx. In general, a shift to lower binding energies translates to an 

upward bending of the energy bands at the surface/interface of the film.  

 

Figure 3.7. (a) Binding energies of W 4f7/2 core levels extracted from peak fitting procedure. For all photon 

energies of the W6+ contribution, a decrease of the binding energy is found with an increasing NiOx 

thickness, whereas the peak position of the W5+ contribution remains relatively constant. (b) The peak 

positions of the Sn2+ and Sn4+ contributions shift to lower binding energies with an increasing NiOx 

thickness. The binding energy shift of W6+, Sn2+, and Sn4+ occurs in a similar magnitude of ~0.4 eV and is 

attributed to an electronic shift to lower energies. This corresponds to upwards band bending at the 

surface/interface.  

A shift of the binding energies and, therefore, the presence of band bending cannot be observed 

in the Ni 2p core level spectra (see Figure A7 for the spectra). Consequently, additional band 

bending at the interface is only located in α-SnWO4. The presence of additional band bending 

introduced by overlayer deposition is also reported in literature, for example for BiVO4 with 

various overlayers,170-171 and metal oxide/Si buried junction photoabsorbers.132, 172 In these 

studies,  an improvement of the performance was explained by the additional band bending. In 

the present study, the band bending introduced by the deposition of NiOx is accompanied by a 

decrease of the ΔOCP (~the photovoltage), as shown Figure 3.1. Consequently, a phenomenon 

seems to be present that negates the favorable effect of band bending. Here, this is attributed 

to the significant oxidation of Sn2+ to Sn4+ as the origin for the limitation of the photovoltage. 

Details of the underlying mechanism are discussed in the following Chapter 3.4. 

As observed in Figure 3.7a, the peak of the W5+ contribution does not follow the peak shift to 

lower binding energies as the other oxidation states (W6+, Sn2+ and Sn4+), which is inconsistent 

with the assignment to band bending described above. The origin of this inconsistency cannot 

be fully clarified here, although there are two possible reasons for this. First, this may indicate 
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that W5+ is part of a separate phase that does not exhibit the same band bending as the  

α-SnWO4 phase. The structure of the W5+ containing phase may be amorphous and would, 

therefore, not be visible in XRD. And the second possible reason is the distribution of W5+ within 

the sample. W5+ has a higher contribution in the bulk of the material and may, therefore, be less 

sensitive to the interface phenomenon of band bending in comparison to the other oxidation 

states, which have a higher relative contribution at the interface.  

3.4. Correlation between the α-SnWO4/NiOx interface investigation and the limited 

photovoltage 

In the following, the correlation between the observed Sn2+ to Sn4+ oxidation and the reduced 

photovoltage upon NiOx deposition is discussed. First, the impact of Sn4+ defects on the 

electronic structure of α-SnWO4 is considered with the help of electronic structure calculations 

performed with a DFT/HSE06 method.1 Similar approaches have been reported in the literature 

for pristine α-SnWO4.111, 114 A 2 x 2 x 16 supercell model was used, which contains 16 functional 

units of Sn16W16O64 (i.e., 96 atoms of the orthorhombic α-SnWO4 crystal lattice). Using a 

compensation approach to investigate the presence of Sn4+, several self-defective structures 

were analyzed by introducing either W-, Sn-, O- vacancies, or anti-site defects (Sn-antisite on W 

and W-antisite on Sn) in the crystal lattice of α-SnWO4. Different spin multiplicities were 

considered to obtain the most stable spin configuration. More details on the DFT methodology 

can be found in the publication based on this chapter.92 Among the above mentioned defect 

models, only the case of W-vacancies being present in the lattice could represent the possible 

presence of Sn4+ defects. More details about the other structures can be found in Figure A10 

and A11. In the DFT calculation, the orthorhombic crystal structure of pristine α-SnWO4 and  

α-SnWO4 containing Sn4+ defects (compensated by W-vacancies) were used, which are depicted 

in Figure 3.8a and (b). In (c) and (d) the density of states (DOS) is shown for both cases as a 

function of the band energy. Indirect transitions between the occupied Sn 5s2 + O 2p6 and the 

unoccupied W 5d0 states define the band gap, which is 1.5 eV in the DFT model. This agrees 

with the experimental band gap of 1.9 eV,90 as the used DFT approach generally tends to 

underestimate the band gap.  

An impact on the size of the band gap by the introduction of W-vacancies cannot be observed 

in (d). A narrow state, however, can be found approximately in the middle of the band gap when 

Sn4+ defects are present. Note that in this model the triplet state is the most stable configuration 

and, therefore, the spin up (dashed line) and spin down (solid line) component are shown. The 

                                                           
1 DFT calculations were performed by collaboration partner Dr. Moussab Harb. 
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partial charge density map (see Figure A12) suggests a highly localized character of the gap 

state. Fermi level pinning and, consequently, a restriction of the photovoltage may originate 

from the presence of such mid-gap states.119, 173 

 

Figure 3.8. (a) Orthorhombic crystal lattice of pristine α-SnWO4 (Pnna space group) used in the DFT 

calculation. (b) α-SnWO4 crystal lattice containing W-vacancies introduced as compensating defects for 

Sn4+. (c) Density of states (DOS) of pristine α-SnWO4 calculated by the DFT/HSE06 method based on the 

crystal lattice shown in (a). In (d) the DOS is shown for the α-SnWO4 crystal lattice containing W-vacancies. 

In this model, the triplet spin state is the most stable configuration. The dashed lines represent the spin-

up component and the solid line represents the spin-down component.92    
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At first glance, the presence of the mid-gap state in the W-vacancy containing structure may 

explain the observed restriction of the photovoltage. However, a critical assessment of the 

proposed defect model in the DFT calculation is required, before a definite statement can be 

made. Here it is important to assess the probability for the presence of W-vacancies in the  

α-SnWO4 films in the present study. Three aspects about the samples and experimental 

observations are considered as arguments against the presence of W-vacancies. First, 

Rutherford backscattering spectrometry (RBS)2 showed earlier that α-SnWO4 films prepared in 

the same way as in the present study are generally slightly W-rich, which makes the presence 

of W-vacancies unlikely.90 The second argument is based on the HAXPES data. If W-vacancies 

would be introduced to compensate the increase of the Sn4+ contribution with increasing NiOx 

layer thickness, it would be expected that the Sn/W ratio also increases with increasing NiOx 

thickness. The HAXPES data shown in Figure A13, however, show a decrease in the Sn/W ratio. 

Finally, the expected defect formation enthalpy needs to be considered. Due to electrostatic 

reasons, this would probably be very high due to the high formal oxidation state of W (6 +). 

Consequently, based on these three arguments, it is unlikely that a significant amount of W-

vacancies that would be required to compensate the high contribution of Sn4+ seen in Figure 

3.6d, is present in the investigated α-SnWO4 films. 

An alternative explanation for the observed increase in Sn4+ is the formation of a secondary 

phase at the α-SnWO4/NiOx interface. Although the deposition of NiOx by PLD was performed 

at room temperature, the formation of the secondary phase could originate from the presence 

of the O2 plasma during the PLD process. This suggestion is supported by preliminary 

experiments, where α-SnWO4 was intentionally exposed to an O2 plasma. A similar increase of 

the relative Sn4+ contribution could be observed (not shown). Secondary phase formation at the 

interface of film-overlayer systems is known in the literature. For instance, this is reported for 

Cu2O/ZTO (zinc-tin-oxide) and Si/HfO2 material systems.174-176 The question in the present study 

is now, what composition the proposed interfacial layer has. One possibility for this secondary 

phase is found in the literature, where the presence of the Sn0.23WO3 impurity phase in  

α-SnWO4 films has been reported.91, 177 However, this impurity phase does not contain the Sn4+ 

oxidation state. Instead, the presence of Sn2+ and Sn0 is reported178 and, therefore, the increase 

of the Sn4+ contribution in the present study cannot be explained by the formation of this phase. 

Theoretical calculations in the Materials Project suggest Sn(WO4)2 as another possible phase. 179 

                                                           
2 Rutherford backscattering spectrometry (RBS) is a powerful non-destructive technique that allows to 
determine the film stoichiometry without the need for a standard with known stoichiometry. 
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Experimental evidence for this phase, however, has not been reported to be best of the authors 

knowledge. 

 

Figure 3.9. (a) Experimental Sn4+ contribution measured on α-SnWO4/NiOx samples with a photon energy 

of 2 keV. The measured data are also shown in Figure 3.6b and (d). (b) Sn4+ contribution extracted from 

simulated photoemission data using the SESSA (Simulation of Electron Spectra for Surface Analysis) 

software package. Simulation of the peak intensities is based on a Monte-Carlo algorithm and was 

performed for hν = 2 keV. In the model α-SnWO4 is coated with an increasing thickness of SnO2 and from 

each Sn 3d spectrum the Sn4+ contribution is extracted. (d) Combination of experiment and simulation to 

estimate the expected SnO2 layer thickness. For different SnO2 layer thicknesses in (b) the NiOx layer 

thickness is taken from (a), at which the Sn4+ contribution is the same. In this model the 20 nm NiOx 

sample has an interfacial SnO2 layer thickness of 20 nm. 

It is speculated that the secondary phase formed, at the interface of α-SnWO4 and NiOx, is SnO2. 

Whether this interfacial oxide layer can be correlated with the experimental observations is 

qualitatively assessed with the help of a Monte Carlo-based photoemission peak intensity 

simulation using the SESSA3 software package.180 In the model of the simulation, pristine  

α-SnWO4 is coated with an increasing thickness of SnO2. For each SnO2 thickness core level 

spectra are simulated, and the Sn4+ contribution is extracted from the Sn 3d core level. To 

reduce the complexity of the simulation, the NiOx overlayer is not included. The presence of 

NiOx would only attenuate the Sn 3d core levels, which are the spectra of main interest in the 

simulation, and would not influence the relative ratio of Sn2+ and Sn4+. This ratio is also 

independent on the location of the species within the sample (i.e., surface/interface or bulk). 

More details of the simulation are given in Figure A14.  In Figure 3.9 the correlation of the 

experimental data with the simulation is presented. Panel (a) shows the experimental Sn4+ 

                                                           
3 Simulation of electron spectra for surface analysis 
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contribution measured with hν = 2 keV as a function of the NiOx layer thickness. The simulated 

Sn4+ contributions for the α-SnWO4/SnO2 system are shown in (b) as function of the SnO2 layer 

thickness. The expected thickness of the SnO2 layer shown in (c) can be estimated by comparing 

the NiOx layer thickness in (a) with the SnO2 thickness in (b) for specific Sn4+ contributions. That 

is, the Sn4+ contribution is determined by reading off the SnO2 thickness for which the Sn4+ 

contribution is the same as for a particular NiOx layer thickness. An increase of the NiOx thickness 

corresponds to an increase of the interfacial layer thickness and can, therefore, explain the 

observed increase of the Sn4+ contribution in Figure 3.6d. For the most relevant NiOx thickness 

of 20 nm, which corresponds to the sample that shows the highest reported photocurrent 

density,90 the interfacial layer is estimated to be ~2 nm. This is considered to be thin enough for 

charge transfer across the interface (i.e., tunneling). However, this insulating layer may have a 

negative impact on the properties of the α-SnWO4/NiOx interface, and may be the origin of the 

limited photovoltage. The presence of this layer is also visually suggested by transmission 

electron microscopy (TEM). An image of a α-SnWO4 film coated with 20 nm NiOx is shown in 

Figure 3.10, where the location of the interfacial layer is shaded in yellow on the right side of 

the image.  

 

Figure 3.10. Transmission electron micrograph of a α-SnWO4 film coated with 20 nm NiOx. Indication for 

the proposed oxide layer formation can be observed, visualized by the yellow shade on the right side of 

the image. 

At this point, it is important to assess whether this interfacial layer can be responsible for the 

limitation of the photovoltage shown in Figure 3.1. Also here ΔOCP measurements provide a 

useful tool to address this issue. Pristine α-SnWO4 films were intentionally oxidized by a 

performing photoelectrochemical measurements, which earlier has been shown to induce a 

SnO2 layer at the surface of α-SnWO4.90 Chronoamperometry measurements, with an applied 

potential of 1.23 V vs. RHE, were performed under AM1.5 illumination. After several steps the 
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ΔOCP was determined, which is presented in Figure 3.11. The x-axis represents the amount of 

transferred charge Q across the interface, which was calculated by integrating the current-time 

data. Using the density of SnO2 (7.02 g cm-3 taken from JCPDS 00-041-1445), the thickness of 

this surface layer can be estimated, as shown at the top-axis of the graph. Qualitative agreement 

is found between the reduction in ΔOCP with an increasing SnO2 layer thickness and the 

reduction in ΔOCP after deposition of NiOx (see Figure 3.1). SnO2 layer formation on α-SnWO4 

can indeed be the origin of a reduced photovoltage. Therefore, we conclude here that the 

interfacial oxide layer formed at the interface of α-SnWO4 and NiOx is likely to be responsible 

for the observed behavior of the ΔOCP.  

 

Figure 3.11. Control experiment to correlate the photovoltage with the formation of a thin SnO2 layer on 

top of α-SnWO4. A pristine α-SnWO4 film was subjected to photoelectrochemical treatment at 1.23 V vs. 

RHE in pH 7.2 electrolyte (KPi + Na2SO3 as hole scavenger). The transferred charge Q was obtained from 

integrating the current-time data and is correlated with the ΔOCP, which was determined at several 

points. From the charge Q (and the SnO2 density of 7.02 g cm-3 taken from JCPDS 00-041-1445) the SnO2 

layer thickness can be estimated, and is shown on the top x-axis. Oxidation of Sn2+ to Sn4+ and, therefore, 

an increase of the SnO2 layer can be correlated with a decrease in ΔOCP. This qualitatively agrees with 

the decrease in ΔOCP for NiOx-coated samples observed in Figure 3.1. As a guide for the eye a dashed 

blue line is shown.   

Finally, it should be noted that the study presented in this chapter complements the previously 

reported work.90 In this work, it was suggested that NiOx overlayer deposition prevents 

electrochemical oxidation of Sn2+ to Sn4+, based on the observation that a stable photocurrent 

for at least 30 min could be achieved. Additional understanding of the underlying mechanism 

can be deduced from the present study. Partial oxidation of the α-SnWO4 is already induced by 
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the NiOx deposition. The thickness of the formed interfacial layer is, however, limited and allows 

for higher charge transfer rates in comparison to a thick surface layer formed by 

(photo)electrochemical oxidation (> 7 nm). Thus, the NiOx overlayer prevents further oxidation, 

but limits the photocurrent by a hole-blocking SnO2 layer.  

3.5. Summary and conclusion  

In this chapter, a detailed analysis of the α-SnWO4/NiOx interface was presented, with the goal 

to unravel the origin of the limitation of the photovoltage by the presence of the NiOx layer. The 

photovoltage limitation was confirmed by OCP analysis, and correlated with the NiOx layer 

thickness. A synchrotron-based HAXPES investigation revealed upwards band bending at the 

surface of α-SnWO4, introduced by the deposition of PLD NiOx. However, significant oxidation 

of Sn2+ to Sn4+ with increasing NiOx layer thickness was also observed, which follows the trend 

of the decreasing photovoltage determined by the OCP analysis. The spectroscopic investigation 

was complemented with DFT calculations and Monte Carlo-based photoemission peak intensity 

simulation. Formation of a thin interfacial SnO2 layer was proposed, which correlates with the 

increase of the Sn4+ contribution at the interface. In Figure 3.11 this correlation is illustrated. An 

interfacial oxide layer thickness of ~2 nm was estimated for the α-SnWO4 film coated with 20 nm 

NiOx, which is the NiOx thickness that gives the highest photocurrent density. In principle charge 

carrier transport by tunneling through this layer can still be possible. A control experiment in 

which OCP analysis of photoelectrochemically oxidized α-SnWO4 was performed, showed that 

such an oxide layer can indeed be responsible for the reduction of the photovoltage. 

Consequently, it was suggested that the limitation of the photovoltage is related to the 

presence of the interfacial oxide layer, and does not originate from the direct contact of  

α-SnWO4 and NiOx. The nature of the underlying mechanism, resulting in the interface limitation 

due to the presence of the thin oxide layer, is explored in more detail in the following chapter. 

In future research efforts alternative deposition methods for the overlayer deposition should 

be developed, which prevent the oxidation of the α-SnWO4 surface. Another option is the 

introduction of passivation layers, for instance, in the form of self-assembling monolayers as 

reported for perovskite solar cells.181-182  
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Figure 3.12. Summary of the results of the α-SnWO4/NiOx interface investigation with respect to the 

photovoltage. The combination of the HAXPES data and the photoemission spectra simulation revealed 

the formation of a thin interfacial oxide layer at the interface of α-SnWO4 and NiOx. The increasing 

thickness of the interfacial layer, with increasing NiOx layer thickness, can be correlated with the decrease 

of the photovoltage (approximately determined by ΔOCP). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

50 
 

4. Intra-band gap states in α-SnWO4 photoanodes introduced by 

surface modification  

 

Parts of this chapter are included in the following publication:  

Patrick Schnell, Erwin Fernandez, Keisuke Obata, Jennifer Velázquez Rojas, Thomas Dittrich, 

Roel van de Krol and Fatwa F. Abdi  

In preparation  

 

4.1. Introduction  

Thin film α-SnWO4 photoabsorbers possess promising properties for photoelectrochemical 

water splitting. However, as discussed in detail in the previous Chapter 3, the photocurrent 

improvement achieved by NiOx overlayer deposition on α-SnWO4 films is accompanied by a 

limitation of the photovoltage. This was confirmed by OCP analysis and has been attributed to 

the interfacial oxide layer formation originating from the oxidation of Sn2+ to Sn4+. Although a 

clear correlation with the photovoltage limitation could already be shown by our control 

experiments, the details of the underlying mechanism of this observation are not fully clear at 

this point. Detailed understanding of the nature of the limitation can help to find tailor-made 

solutions to overcome the limitation, and to generate further progress in the development of 

α-SnWO4 photoelectrodes.  

One possibility is that the underlying mechanism is related to the presence of intra-band states. 

Gap states or surface states are often discussed for other materials in the literature.169, 172, 183 In 

the previous chapter, it could be ruled out that surface states are introduced by the exposure 

to air during the handling of α-SnWO4 films. The formation of the interfacial oxide layer, 

however, may introduce gap states at the interface.  Such states could not be observed in the 

HAXPES study in Chapter 3. However, the signal from the valence band of p-type NiOx, which 

overlaps with the valence band maximum of α-SnWO4, may have concealed the presence of 

intra-band states. In addition, the density of states of such features may be very low and difficult 

to detect in the HAXPES measurement. In the present chapter, therefore, surface photovoltage 

(SPV) measurements and photoemission spectroscopy with the aim for resonant enhancement 

of element-specific features (ResPES) complement the spectroscopic tools in this study to 

investigate this issue in more detail. SPV measurements can provide valuable information on 

electronic properties and charge carrier recombination, and have been used on a wide range of 

https://www.helmholtz-berlin.de/pubbin/vkart.pl?v=nunux
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materials in previous reports.161, 184-187 Reports on SPV analysis of α-SnWO4 are, however, absent 

from the literature. Although valuable information can be obtained from the modulated SPV 

measurements, detailed analysis can be difficult due to superposition of several effects. 

Complementary methods may be necessary to obtain more detailed understanding. ResPES was 

performed at BESSY II at HZB by a combination of X-ray absorption spectroscopy (XAS) and 

HAXPES. This technique has been proven to be powerful in the investigation of gap states, for 

example, in Mo- or W-doped BiVO4.188-190 Under resonant conditions, the signal related to states 

with a low density of states within the band gap may be enhanced. In the present chapter, we 

put special focus on the α-SnWO4/SnO2 interface, which represents the nature of the interfacial 

layer proposed in the previous chapter. Detailed analysis of the interfacial features was 

performed by HAXPES as well.                    

4.2. Surface photovoltage analysis  

Surface photovoltage analyses were first performed on pristine α-SnWO4 and α-SnWO4/NiOx 

films, to investigate the impact of the NiOx layer. The photovoltage amplitude R is presented in 

Figure 4.1 as a function of the photon energy. For the definition of R see equation 2.7. Above 

the band gap energy of α-SnWO4, the amplitude increases with increasing NiOx layer thickness. 

This correlates with the band bending trend observed in Figure 3.7, where an increasing band 

bending was observed for an increasing NiOx layer thickness. Although the enhanced SPV signal 

of NiOx coated films suggests improved separation of charge carriers, a substantial proportion 

of the charge carriers may recombine via defect-mediated processes. The SPV signal can in 

general have contributions of free charge carriers and trapped charge carriers, as described in 

more detail in Chapter 1.7. The signal between 0.5 – 1.5 eV in Figure 4.1 is probably related to 

transitions from surface states or bulk defect states. This will be discussed in more detail below.  

To further elucidate the process in more detail, especially regarding trapping of charge carriers 

during recombination, the in-phase signal X and out-of-phase signal Y (phase shifted by 90°) are 

now individually resolved. In Figure 4.2 the fast (i.e., X signal) and slow response (i.e., Y signal) 

of the three samples are shown, which were measured with a modulation frequency of 

fmod = 8 Hz.  First, we turn our attention on the energy region above the band gap of α-SnWO4. 

In this region, band-to-band transitions, followed by spatial redistribution, are responsible for 

the generation of the X and Y signal, as schematically illustrated in Figure 4.3a.164 The signs of 

the X and Y signals indicate the preferential direction, in which the generated charge carriers 

move.166 The positive X signal observed above the band gap energy indicates that electrons 

contributing to the fast response are preferentially moving away from the surface of α-SnWO4, 

i.e., towards the FTO back electrode. This preferential direction of charge separation is indicated 
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by the arrows in Figure 4.3a. Although dependent on the exact nature of the charge carrier 

relaxation mechanism, the fast response (X) signal is typically assigned to the generation and 

spatial redistribution of free charge carriers that recombine via fast processes.166 As illustrated 

by the black arrow in Figure 4.3d, a possible fast recombination process may occur via direct 

band-to-band transitions without involvement of intermediate trapping in defect states. 

 

Figure 4.1. Surface photovoltage amplitude R of a pristine α-SnWO4 film and α-SnWO4/NiOx samples. The 

amplitude is defined as the square root of the sum of the squares of the X and Y signals (equation 2.7). 

For an increasing NiOx layer thickness, the amplitude above the band gap increases, indicating enhanced 

charge separation. This follows the same trend as the trend observed for the band bending upon 

deposition of NiOx in Figure 3.7. An indication for charge carrier generation below the band gap can be 

seen as well, which indicates the presence of surface states or bulk defect states.  

For the Y signal, preferential movement away from the surface of α-SnWO4 is indicated by a 

negative signal due to the 90° phase shift. In this slow response signal often charge carriers 

dominate, which recombine via trap-mediated processes.166 Possible relaxation processes that 

may contribute to the slow Y signal are illustrated in Figure 4.3d. Relaxation may occur via 

intermediate trapping in bulk defect states or surface states. Note, however, that without 

complementary measurement techniques we cannot definitely assign the observed X and Y 

signals to specific physical processes. The signals may arise from a combination of different 

processes, which depending on their time scales, either contribute to the fast or slow response 

signals.   

Overall, the opposite signs of the X and Y signals indicate preferential charge separation in the 

same direction. This is true for all three samples independent on the NiOx layer thickness. 

Preferential movement of electrons towards the FTO back contact is generally expected for an 
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n-type semiconductor such as α-SnWO4. As already observed in Figure 4.1, with increasing NiOx 

thickness, the SPV signals (both X and Y) above the band gap increase in Figure 4.2. Most 

notably, the amplitude of the Y signal (slow response) increases more than that of the X signal 

(fast response) for the sample with 20 nm NiOx (see Figure 4.2), which causes the increase of 

the overall photovoltage amplitude shown in Figure 4.1. This suggests that the deposition of 

20 nm NiOx may lead to enhanced trapping during charge relaxation. The possible consequence 

of this observation is discussed below.  

 

Figure 4.2. In-phase (X) and out-of-phase (Y) signals of modulated surface photovoltage measurements 

of a pristine α-SnWO4 film (a), and α-SnWO4 films coated with 5 nm and 20 nm NiOx (panel b and c 

respectively). The modulation frequency of the light was fmod = 8 Hz. Deposition of NiOx has a clear impact 

on the modulated SPV signals, especially below the band gap energy.  This can also be seen in the analysis 

of the phase angle, which can be found in the Appendix B, Figure B1.  

We now turn our attention on the region below the band gap of α-SnWO4 in Figure 4.2. Below 

the band gap, generation of the SPV signal can in general occur from surface or bulk defect 

states through sub-band gap absorption.164 Possible sub-band gap transitions, followed by 

spatial redistribution, are indicated in Figure 4.3b and (c). For the pristine α-SnWO4 sample, only 

a slow response signal can be observed below the band gap energy (blue curve in Figure 4.2a). 

The signal has a positive sign and, therefore, separated charge carriers have an opposite 

preferential direction in comparison to the energy region above the band gap, i.e., electrons 

move towards the surface. A possible process that may be consistent with this, is a bulk defect-

to-band transition followed by a slow relaxation via trapping in a surface state. Such a process 

is schematically illustrated in Figure 4.3e.   
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Figure 4.3. Schematic illustration of possible charge carrier excitation mechanisms, spatial redistribution, 

and relaxation processes during the generation of a SPV signal. (a) Band-to-band transition followed by 

spatial redistribution of e- and h+ as indicated by the arrows. (b) Bulk trap-to-band transition followed by 

separation of e- and ionized donor D+ with energy level ET. (c) Surface state-to-band transition. 

(d) Different relaxation mechanisms via band-to-band recombination (black arrow) or bulk defect-

mediated processes indicated by the dashed red arrows. The time scales of these processes either result 

in a fast or slow response signal. (e) Trapping of an e- in a surface state and relaxation into a bulk state. 

The presence of such a relaxation process may alter the preferential direction of e- in (b) towards the 

surface, and result in a positive slow response signal. (f) Trapping of a h+ in a surface state.164, 191-192 Note 

that the SPV signals cannot be definitely assigned to specific processes without complementary analysis.  

The situation is modified by the deposition of NiOx. A fast and positive response signal (X) is 

observed in addition to the slow response signal (Y) that now has a negative sign. Recall that 

opposite signs for X and Y indicate that the slow and fast charge carriers move in the same 

direction. For the negative sub-band gap slow response signal, charge carrier trapping in bulk 

defect states or surface states (see Figure 4.3d and (f)) may be responsible. In these processes, 

electrons are preferentially separated towards the FTO back electrode and, therefore, in the 

opposite direction compared to the slow response signal of the pristine film. The positive fast 

response signal after deposition of NiOx may be related to spatial charge separation towards the 

FTO back electrode followed by fast relaxation mechanisms, as indicated in Figure 4.3b and (d). 

For the α-SnWO4 film coated with 20 nm NiOx (Figure 4.2c), the slow response signal increases, 

which is attributed to enhanced charge carrier trapping. At the same time no noticeable increase 

of the fast response signal below the band gap region is observed for increasing NiOx thickness. 

These observations are also found in the phase angle analysis of the SPV signal, as described in 

more detail in Figure B1.  
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Overall, the SPV analyses suggest the modification of the charge generation, separation, and 

relaxation processes in α-SnWO4 films upon NiOx deposition. This is especially observed for the 

sub-band gap transitions. The overall modifications upon deposition of NiOx may be related to 

the results in Chapter 3. Remember that in Chapter 3 it was suggested that a mechanism exists, 

which negates the favorable band bending upon deposition of NiOx. It was proposed that this 

process may be responsible for the photovoltage losses. The identification of this modification 

is discussed next with the help of photoemission spectroscopy. 

4.3. Investigation of the α-SnWO4/SnO2 interface by Hard X-ray Photoelectron 

Spectroscopy 

Motivated by the interfacial SnO2 layer formation at the interface of α-SnWO4 and NiOx in the 

previous chapter, an investigation of the interface between α-SnWO4 and SnO2 was performed 

using HAXPES. As already described in more detail in Chapter 2.3 and 3.3, this technique allows 

us to de-convolute spectral features arising from the surface/interface and the bulk of the 

investigated materials. It is therefore suitable to detect the evolution of the chemical states or 

electronic band shifts at the interface. 

Figure 4.4 shows the W 4f and Sn 3d spectra of α-SnWO4/SnO2 (red), which are compared with 

the spectra measured on pristine α-SnWO4 (black). Note that the photon energies indicated in 

the graphs are slightly different in comparison to the previous chapter, to align the core level 

measurement with the following ResPES analysis (vide infra). The SnO2 layer was formed by 

photoelectrochemical oxidation at 1.23 V vs. RHE in pH 7 KPi. An SnO2 layer thickness of ~1 nm 

was estimated based on the integrated charge during the oxidation step. A first glance at the 

W 4f spectral features in Figure 4.4a reveals a small contribution of W5+. This was also observed 

earlier and was found to have no significant impact on the PEC performance. More details on 

this can be found in Chapter 3. The relative W5+ contributions of the pristine and SnO2 covered 

α-SnWO4 films are of comparable magnitude for the measurement with hν = 3880 eV. The peak 

positions of the W5+ and the nominal W6+ contributions are indicated by the dashed vertical lines 

in the graph.  

Comparing the W 4f spectra of the α-SnWO4/SnO2 and α-SnWO4 samples, a peak broadening can 

be observed if SnO2 is present. An estimation of the FWHM is given in Figure B2, which also 

reveals that the FWHM increases with increasing SnO2 thickness. This broadening is attributed 

to the appearance of an additional W6+ species other than that of α-SnWO4. WO3 is a possible 

candidate, and was also suggested to be a possible degradation product earlier.90 However, 
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band bending may also contribute to peak broadening. More details on this are discussed in the 

next chapter with respect to the stability of α-SnWO4 photoelectrodes.   

The Sn 3d core level spectra of the pristine (black) and the SnO2-modified (red) films are 

presented in Figure 4.4b. All peaks show an asymmetry at the higher binding energy side, which 

indicates the presence of a Sn4+ contribution as observed previously.90, 92 Depending on the 

probing depth σ (i.e., the photon energy) a clear variation of the Sn4+ contribution is found for 

the α-SnWO4/SnO2 sample. As expected, the relative contribution of Sn4+, originating from SnO2
 

on the surface, decreases for larger probing depths. Samples with a thicker oxidized SnO2 layer 

(~12 nm) were also measured. The spectra can be found in Figure B3. These spectra follow the 

same trends as described here for the sample with the thin SnO2 layer.  

 

Figure 4.4. (a) W 4f core level spectra measured by HAXPES on a pristine α-SnWO4 film (black) and  

α-SnWO4/SnO2 samples (red). A thickness of ~1 nm was estimated for the SnO2 layer, which was formed 

by photoelectrochemical oxidation at 1.23 V vs. RHE in pH 7 KPi. The α-SnWO4 films have a thickness of 

100 nm. (b) Sn 3d core level spectra of the same samples measured by HAXPES. Formation of Sn4+ can be 

clearly seen by the peak asymmetry towards higher binding energy. The photon energies used in the 

measurements are indicated in both graphs. Note that the photon energies are partially different in 

comparison to the previous chapter, to align the core level measurements with the following ResPES 

analysis. The peak positions of W5+, W6+, and Sn2+ in the pristine film are indicated by dashed vertical lines.  
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Figure 4.5. (a) Relative W5+ contributions extracted from the W 4f7/2 core level by peak fitting (see Figure 

B4 for representative fits). (b) Sn4+ contributions estimated by peak fitting procedure of the Sn 3d5/2 core 

level. The pristine sample was measured with hν = 3880 eV. A W5+ contribution of 10 ± 3 % and a Sn4+ 

contribution of 19 ± 4 % were estimated. (c) shows the W6+ binding energies and (d) the Sn2+ binding 

energies. The spectra of the thick SnO2 sample can be found in Figure B3. The size of the error bars for of 

the binding energy corresponds to the step size (0.1 eV) of the core level measurements.  

A quantitative analysis of the relative contributions and binding energies at the interface was 

performed, using the peak fitting procedure described in Chapter 2.3. The relative W5+ and Sn4+ 

contributions are shown in Figure 4.5a and (b). Example fits to selected spectra are shown in 

Figure B4. An increase of the W5+ contribution with an increasing photon energy can be 

observed. This was also observed in the previous chapter, and was attributed to a higher W5+ 

content in the bulk than at the surface of the sample. For the thin SnO2 sample, the overall 

contribution is higher in comparison to the thick SnO2 layer, which agrees with the finding that 

W5+ is more present in the bulk of α-SnWO4. The pristine film was measured with hν = 3880 eV, 

and has a W5+ contribution of 10 ± 3 %. Acknowledging sample to sample variation, this is of 

similar magnitude as observed previously.92 The Sn4+ contribution in Figure 4.5b decreases with 

increasing photon energies, indicating the presence of the SnO2 layer at the surface. As 

expected, the contribution is overall higher for the thick SnO2 sample. A Sn4+ contribution of 
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19 ± 4 % was estimated for the pristine α-SnWO4 film, which is a bit higher than in the previous 

chapter. 

The binding energies for W6+ and Sn2+ are shown in Figure 4.5c and (d). In both cases, a small 

increase of the binding energies can be observed for the SnO2 coated films in comparison to the 

pristine sample. This may suggest an electronic shift and a slight band bending with the 

formation of surface SnO2, but it should be noted that the uncertainty for the estimation of the 

binding energy is ± 0.1 eV. 

4.4. Resonant photoemission spectroscopy  

Finally, photoemission spectroscopy of the valence band was performed with the aim for 

resonant enhancement of element-specific features (ResPES). This was performed at the 

BESSY II synchrotron facility to reveal the possible presence of intra-band gap states. 

Measurements were performed on pristine α-SnWO4, α-SnWO4/SnO2 and α-SnWO4/NiOx 

samples. In order to determine the excitation energies required for the valence band 

measurement under resonant conditions, X-ray absorption spectra of the the Sn L-edge and W 

M-edge were recorded for the different samples.  
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Figure 4.6. Sn L3,2-edge measured by X-ray absorption spectroscopy (XAS) on pristine α-SnWO4 and  

α-SnWO4/SnO2. The measurements were performed using the Si (111) double crystal monochromator. 

Clear differences in the absorption edge could not be observed, also for the other samples (see Figure 

B5). The arrows in the graph indicate the excitation energies used for the valence band spectra 

measurement in Figure 4.7. A representative measurement of the W M-edge is shown in Figure B6. Note 

that there are differences in the energies when using different crystal monochromators (see Table B1). 
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Representative XAS spectra of the Sn L3,2-edge are shown in Figure 4.6 for pristine α-SnWO4, and 

for α-SnWO4 coated with ~1 nm SnO2. No significant difference can be observed in the presented 

spectra as well as in the other spectra for NiOx-coated α-SnWO4 shown in Figure B5. This is 

expected as XAS probes more of the bulk of the material, i.e., changes in the absorption due to 

changes of the Sn oxidation state at the surface would not be visible. In addition, only small 

differences are reported in the absorption edges of Sn, SnO, and SnO2, even when the whole 

film exhibits the varying oxidation states.193 At this point it is briefly noted that a variety of 

information can be deduced from the detailed interpretation of XAS spectra. For instance, 

stereochemical information (i.e., atomic coordination, bond length, etc.) can be obtained from 

interpreting the XANES (X-ray absorption near edge structure) and EXAFS (Extended X-ray 

absorption fine structure) regions.194 The detailed interpretation is, however, not the focus of 

the present study. Instead, the relevance of these spectra is in determining the excitation 

energies at which the valence band spectra should be taken. These excitation energies are 

indicated by the arrows in the graph. In the W M-edge spectra clear differences between the 

different samples cannot be found as well, which was also expected. A representative spectrum 

can be found in Figure B6. 

Valence band spectra of pristine α-SnWO4 and α-SnWO4/SnO2 samples were recorded with 

different excitation energies in and out of resonance with the Sn L3-edge (hν = 3880, 3933, 3942, 

and 3952 eV). The recorded spectra are depicted in Figure 4.7. Note that these spectra were 

measured with the Si (311) crystal monochromator. As shown in Table B1, there are differences 

in the energy calibration of measurement with the Si (111) and Si (311). All spectra are 

normalized to the first maximum at ~2.8 eV, and the plots are shown in a logarithmic scale. First, 

it is noted that the valence band of the pristine film α-SnWO4 appears as expected.92 The valence 

band maximum (VBM) is located at 1.5 ± 0.1 eV and agrees well with a previous report on PLD-

deposited α-SnWO4, where a VBM of 1.6 ± 0.1 eV was determined by UPS.90 For the oxidized 

samples, the SnO2 valence band features have a stronger contribution at higher binding energies 

(> 4 eV), which can be seen by the increasing intensity in this regime with an increasing SnO2 

layer thickness. The most important observation is the presence of an intra-bandgap state above 

the valence band maximum (peak at ~0.7 eV), which can be seen irrespective of the excitation 

energies. While the presence of this state can already be vaguely seen in the pristine film, it is 

clear that it becomes more obvious with the presence of the SnO2 layer on the surface. It is also 

noted that the intra-bandgap state is visible as well for the photon energy that was chosen as 

the non-resonant condition (i.e., hν = 3880 eV). Although it is not fully clear why this is the case, 

there are two possible reasons. First, the chosen energy may not reflect non-resonance 
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conditions, i.e., it is still not too far from the absorption edge. Second, it is possible that the 

density of states is sufficiently high so that it is already visible without resonance. In this case, 

the signal enhancement by performing on-resonance measurements would be rather small as 

the intensities of the state are similar for the different energies. The notion of a rather weak 

resonance effect can also be found when the orbital contributions to the valence band are 

considered. As shown in the electronic structure (Figure 3.8), mainly Sn 5s and O 2p states 

contribute to the valence band of α-SnWO4. For a strong resonance effect, an enhancement of 

Sn 5s features in the valence band would be expected in comparison to the off-resonance 

measurement. Such a strong enhancement is not clearly observed, as there is no significant 

difference in the valence band shape between off-resonance and resonance conditions.  

 

Figure 4.7. Valence band spectra measured by ResPES on α-SnWO4 and α-SnWO4/SnO2 samples with 

different photon energies as indicated in the panels. The photon energies were chosen to measure in 

resonance with the features of the Sn L3-edge depicted in Figure 4.6. Spectra were normalized to the 

feature at ~2.8 eV. Note that the intensity scale in all panels is logarithmic. An indication for the presence 

of an intra-band state above the valence band maximum can be observed, which intensity tends to 

increase for the SnO2-coated samples. 
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Spectra in resonance with the W absorption edge were recorded as well, and can be seen in 

Figure B8. Due to limitations of the experimentally accessible photon energy at the beamline 

only the M-edge could be accessed. Three different photon energies were chosen in resonance 

with the absorption edge (hν = 2210 eV, 2288 eV, and 2585 eV). Presence of a feature above 

the valence band maximum can be observed as well, which is most prominent for the 

measurement performed with 2585 eV. Whether this feature is related to an enhancement of 

the resonance condition with W cannot be defined unambiguously at this point.  

Although it seems that the resonance effect is not that obvious, the experimental data clearly 

show the presence of an intra-bandgap state at the surface of α-SnWO4, which is enhanced with 

the presence of SnO2. At this point, the modulated SPV measurements in the beginning of this 

chapter are recalled. In Figure 4.2 a SPV signal could be observed from below the band gap, 

which increases with increasing NiOx thickness. The presence and the relatively low intensity of 

sub-bandgap signals in the SPV coincide well with the intra-bandgap features seen in the valence 

band spectra. Since it is known from the previous chapter that an interfacial oxide layer (SnO2) 

is formed between NiOx and α-SnWO4, these two observations are attributed to the same origin. 

As mentioned in the beginning of this subchapter, ResPES was also performed on α-SnWO4/NiOx 

samples, where NiOx thicknesses of 5 and 20 nm were used. In the same way as for the other 

samples, first the XAS spectra were measured and as mentioned above clear differences are not 

observable in comparison to the other samples without NiOx layer. Subsequently, the valence 

band spectra were recorded under resonant condition. The recorded spectra in resonance with 

the Sn L3-edge are shown in Figure B9. Valence band states of p-type NiOx overlap with the 

valence band maximum of α-SnWO4 and conceal the possible presence of gap states. For valence 

band spectra measured in resonance with the W-edge the observation is the same.  

After clarifying the presence of the state in the band gap, the remaining questions are related 

to the origin of this state, and the implications for the performance of α-SnWO4 with respect to 

the analysis in Chapter 3. On the basis of DFT calculations in the previous chapter the probability 

for the presence of gap states was discussed. In this discussion, however, only defects present 

in α-SnWO4 were considered as the origin for defect states in the band gap. Based on several 

arguments this was discarded for the favor of the proposed interfacial SnO2 layer. Although the 

presence of the interfacial oxide layer at the interface of α-SnWO4 and NiOx was revealed, the 

implications were discussed on a rather phenomenological level. With the new results in this 

chapter it seems, however, more likely that the defect state is introduced by the formation of 

the oxide layer on the surface. This may occur in a similar way either by (photo)electrochemical 
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oxidation in the present chapter or by interfacial oxidation upon deposition of NiOx. Rather than 

being of high quality in terms of electronic defects, it seems likely that the introduced oxide 

layer has a high defect density. Several experimental and theoretical studies have investigated 

the defect structure of SnO2,195-200 which is in some studies referred to SnOx due to oxygen 

deficiency. The presence of intra-band states is reported for SnOx. As the origin for these defect 

states, the non-stoichiometry due to oxygen vacancies is suggested in some  

reports.195-196 Similar mechanisms may be responsible for the gap state in the present study. 

Finally, based on the analysis in the present chapter, a more detailed description of the α-SnWO4 

interface limitation can be proposed. The Fermi level pinning may be related to the interface of 

a defective oxide layer at the surface of α-SnWO4 with the NiOx layer. As described in 

Chapter 1.5, such a Fermi level pinning can be responsible for the reduction of the photovoltage. 

A schematic band diagram of an idealized α-SnWO4 films is shown in Figure 4.8a for the HAXPES 

measurement conditions (vacuum). In this representation, is assumed that no defects or 

overlayers are present at the surface to illustrate the impact below more clearly. Deposition of 

NiOx results in the introduction of band bending with a space charge layer width W, as shown in 

Figure 4.8b. This is accompanied by the formation of a defective SnOx layer and the introduction 

of an intra-band state. In order to understand the photovoltage limitation, the PEC 

measurement condition needs to be illustrated. Below, the band diagrams for both cases are 

suggested, when the samples are in contact with the electrolyte in the dark. In the idealized  

α-SnWO4 film, a space charge layer is introduced, which has a width WI. More details of the 

origin of this band bending are provided in Chapter 1.2. The schematic band diagram of the 

NiOx-coated sample, in contact with the electrolyte, is shown in panel (d). Additional band 

banding is not introduced in this illustration, due to the Fermi level pinning. Finally, the impact 

of illumination is illustrated for both cases, i.e., ideal and NiOx-coated α-SnWO4 samples. For the 

idealized sample, the bands are flattening under illumination, as shown in Figure 4.8e. The quasi 

Fermi levels of the electrons (EqF,n) and holes (EqF,h) split up. The splitting of the quasi Fermi levels 

determines the ΔOCP that can be measured in PEC. However, Fermi level pinning at the 

interface, limits the system’s ability to reduce the band bending under illumination in open 

circuit conditions (see Figure 4.8f). The splitting of the quasi Fermi levels and, consequently, the 

ΔOCP is reduced in comparison to the ideal α-SnWO4 surface without defect state. Overall, the 

illustrated Fermi level pinning at the intra-band defect state can provide a more fundamental 

explanation of the observed limitation of the photovoltage in Figure 3.1. 
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Figure 4.8. (a) Schematic band diagram of an idealized α-SnWO4 film without surface defects under 

vacuum conditions. (b) Introduction of band bending (space charge layer width W) by deposition of NiOx. 

This is accompanied by the formation of SnOx and introduction of an intra-band defect state. (c) Idealized 

α-SnWO4 in contact with electrolyte. A space charge layer having a width WI is introduced. (d) In the NiOx-

covered sample no additional band bending is introduced in contact with the electrolyte, due to the Fermi 

level pinning at the defect state. (e) Under illumination the bands become flat. The quasi Fermi levels of 

electrons (EqF,n) and holes (EqF,h) split up, giving rise to the ΔOCP. (f) The Fermi level pinning limits the 

flattening of the bands, and reduces the splitting of the quasi Fermi levels. Consequently, the ΔOCP is 

reduced. Note that the band diagrams are shown in a simplified way to better illustrate the effect of the 

Fermi level pinning.  
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4.5. Summary and conclusion 

In this chapter, the previous interface analysis of α-SnWO4 films was extended using surface 

photovoltage analysis, XAS and HAXPES. Modulated SPV analysis suggested that a substantial 

part of generated charge carriers in α-SnWO4 relax via trapping related processes. Clear 

modification of the signal could be observed upon deposition of NiOx with different thicknesses. 

Especially for the SPV signal below the band gap energy, the nature of charge recombination 

seems to be influenced significantly. This suggests that together with the interfacial oxide layer 

proposed in Chapter 3, the NiOx deposition results in substantial modification of the electronic 

situation at the interface. In the next step, the interface between α-SnWO4 and SnO2 was 

investigated, which represents one side of the proposed interfacial layer structure  

(α-SnWO4/SnO2/NiOx). As expected, depth dependent increase of the Sn4+ contribution could 

clearly be observed. Finally, XAS and HAXPES were combined with the aim for resonant 

enhancement of element-specific features, to investigate the valence band spectra of pristine 

and SnO2-coated α-SnWO4 samples. Presence of a state above the valence band maximum was 

indicated by valence band spectroscopy. The origin of this state may be related to the 

introduction of the interfacial oxide layer, which is thought to have a high defect density. 

Combination of the defective interfacial layer with the NiOx overlayer may result in a Fermi level 

pining at the interface, which may explain the limited photovoltage in α-SnWO4/NiOx structures. 

This suggestion extends the understanding of the interface of α-SnWO4 and NiOx presented in 

the previous chapter. Thereby it emphasizes the importance of finding suitable alternatives to 

prevent the oxide layer and interfacial defect formation, to utilize the full potential of α-SnWO4 

photoelectrodes. General importance of suitable interface engineering for metal oxide 

semiconductor is thereby emphasized as well.  
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5. pH-dependent stability of α-SnWO4 photoanodes  

 

Parts of this chapter are included in the following publication:  

Patrick Schnell, J. Mark C. M. Dela Cruz, Moritz Kölbach, Roel van de Krol and Fatwa F. Abdi 

In preparation  

 

5.1. Introduction 

The long-term (photo)electrochemical stability of photoelectrodes in aqueous electrolyte is one 

of the most important properties among the various requirements for photoabsorber 

materials.19, 50 Especially for practical solar water splitting devices, this crucially determines the 

suitability of a specific semiconductor.27, 52 A theoretical prediction of the materials stability 

based on thermodynamics can be done with Gerischer’s stability criteria.127, 201 In addition to 

these thermodynamic considerations, also kinetic aspects have an influence on the stability. 

Here, the ratio between the charges consumed by the self-oxidation/reduction reaction and 

charges consumed by the OER or HER determine the overall stability of photoelectrodes.132  

More details on the stability of photoelectrodes can be found in Chapter 1.6. Several approaches 

have been reported to stabilize photoelectrode materials, which includes the deposition of 

protection overlayers,89, 202-203 co-catalysts,99, 103 and tuning of the electrolyte composition.204 In 

order to choose an appropriate protection strategy, understanding of the origin of the instability 

is in general of great importance.  

Among the different types of photoelectrode materials that have been investigated for water 

splitting applications, metal oxides are often considered as stable in aqueous solution, especially 

in comparison to Si or III-V semiconductors.46, 125 However, metal oxides can also suffer from 

corrosion, and only a few studies have demonstrated long-term stability above 1000 h.85, 205 In 

order to become economically viable, practical devices would need to be operated for at least 

several years.42, 45 In general, a large amount of studies refer to the stability of photoelectrodes, 

for instance, reports on extensively studied materials such as BiVO4,147, 204, 206 CuBi2O4,
160, 207-208 

or Fe2O3.209-210 For α-SnWO4 films, systematic studies of the stability as a function of varying PEC 

conditions are not available thus far. It has been observed, however, that in neutral pH 

conditions the PEC performance of α-SnWO4 quickly deteriorates. Formation of an SnO2 surface 

layer, which blocks the photocurrent, has been suggested to be the origin of this behavior. The 

observed interfacial oxide layer in Chapter 3 and 4 also suggests a high sensitivity for surface 

oxidation.90 An additional factor that needs to be considered has been revealed by the HAXPES 
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analysis in Chapter 3. The NiOx deposition, which has been shown to extend the PEC stability to 

at least 30 min,90 does not result in a conformal layer. It rather exhibits island formation, which 

means that certain areas of the α-SnWO4 surface remain uncovered. This is generally not a 

desired growth mode for a protection layer. Previously it has been suggested that the surface 

layer formation may be self-limiting.90 The exposed area of α-SnWO4 would then be self-

passivated by SnO2 under the PEC conditions and further corrosion prohibited. This would relax 

the requirements for the protection layer deposition. However, this mechanism has not been 

fully proven yet, and it is not clear under which PEC conditions the self-passivation mechanism 

is operational. The presence of a self-terminating surface layer is, in general, an interesting 

feature for metal oxide photoelectrodes, as the presence of pinholes in a protection layer is 

often hard to prevent. Complete device failure could then be prevented by application of self-

passivating materials.  

In the present chapter, the (photo)electrochemical stability α-SnWO4 photoelectrodes was 

investigated in a broad range of pH values from acidic to alkaline conditions (pH 2 – 13). 

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) was complemented with  

X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and in-situ 

spectro(photo)electrochemistry. With this approach the stability window of α-SnWO4 films is 

defined. The experimentally obtained data are compared with a calculated Pourbaix diagram. 

In the last step, the proposed formation of a thin passivating oxide layer on the surface of  

α-SnWO4 is confirmed.  

5.2.  pH-dependent stability of α-SnWO4  

First, the stability of α-SnWO4 films is investigated in dependence on the pH of the electrolyte. 

As in the previous chapters, phase-pure α-SnWO4 films with a thickness of ~100 nm were 

deposited by PLD. Under simulated AM1.5 illumination, a potential of 1.23 V vs. RHE was applied 

for a total of 1 h. Afterwards the electrolyte was investigated by ICP-OES to evaluate the possible 

presence of corrosion products. Details on the procedure and the electrolytes can be found in 

Chapter 2. In Figure 5.1 the concentration of W and Sn in the electrolyte is shown as a function 

of the H+ concentration, i.e., the pH of the electrolyte shown on the top x-axis. The stability 

clearly depends on the pH of the electrolyte, and a stability window can be defined in the blue 

shaded region from pH 2 - 7. In this range, the concentration of W and Sn in the electrolyte is 

smaller than 1 M. Significant corrosion and, therefore, instability is found in alkaline 

conditions. After PEC measurement in pH 13, W and Sn concentrations of ~22 M are found in 

the electrolyte. 
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Figure 5.1. Photoelectrochemical stability of α-SnWO4 films as function of the H+ concentration in the 

electrolyte (i.e., the pH value which is shown on the top x-axis). Photoelectrochemical measurements of 

the α-SnWO4 films were performed for 1 h with an applied potential of 1.23 V vs. RHE.  Details of the used 

electrolytes can be found in Chapter 2.4. After the PEC measurements, the presence of corrosion products 

(i.e., W and Sn) in the electrolyte was evaluated by ICP - OES. The blue shaded area indicates the range, 

in which relative stability is observed (pH 2 – 7). Instability (i.e., strong dissolution) is observed in 

alkaline pH. 

Lab-based XPS (photon energy λ = 1486.74 eV) was used in the next step to study the impact of 

the PEC measurements on the surface oxidation states of α-SnWO4. The W 4f and Sn 3d core 

level spectra of a pristine α-SnWO4 sample are shown in Figure 5.2a and (b). The contribution 

of different oxidation states was de-convoluted by peak fitting, as described in more detail in 

Chapter 2.3.1. In addition to the nominally expected W6+ state, also a smaller W5+ contribution 

can be observed. This reduced species has a contribution of 20 ± 3 % and was observed in the 

previous chapters in a similar amount. It was found to have no significant impact on the PEC 

performance compared to samples without this contribution in previous reports.90-91 The Sn 3d 

core level can be de-convoluted into the Sn2+ state, as nominally expected in α-SnWO4, and the 

oxidized Sn4+ state. A Sn4+ contribution of 22 ± 4 % was estimated from the peak fitting, which is 

of similar magnitude as in the previous chapters and in the literature.90 In Figure 5.2c and (d) 

the relative contributions of W 4f and Sn 3d of the α-SnWO4 samples after PEC measurement 

are shown as a function of the pH of the electrolyte. These are compared with the values of the 

pristine α-SnWO4 film (dashed horizontal lines). The fitted spectra can be found in Figure C1. 

Although the W5+ contributions are varying, a systematic impact of the PEC measurements in 
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different pH values is not observed. The situation is different for the Sn4+ contribution, where a 

significant increase is be observed after the PEC measurement, independent on the pH 

conditions. At first glance, this suggests that the impact on the Sn4+ contribution does not 

depend on pH, although the origin for the increase is probably different for the different pH 

regimes. In strong alkaline pH, the strong dissolution observed in Figure 5.1 exposes the FTO 

(i.e., F-doped SnO2) substrates and, thus, may be responsible for the increase of the Sn4+ 

contribution. This is supported by the XRD analysis shown in Figure 5.3. The measurements were 

performed on the samples after they were exposed to the PEC measurements. For comparison, 

the diffractogram of a pristine α-SnWO4 film was recorded as well. When comparing the ratios 

of the α-SnWO4 peaks with the FTO peaks, it is clear that the α-SnWO4 intensity decreases in 

alkaline pH due to exposure of the FTO substrate. The photographs of the samples shown in 

Figure C2 indicate the film dissolution and the exposure of the substrate in pH 13, which is 

consistent with the explanation of the Sn4+ increase in alkaline pH.  In acidic and neutral pH, the 

Sn4+ increase is not related to exposure of the FTO substrate. This is indicated by the absence of 

strong dissolution in Figure 5.1, and supported by the XRD measurements and the photographs 

of the samples, where exposure of the substrate is not observed. Instead, the increase of Sn4+ is 

attributed to secondary phase formation (i.e., SnO2) at the surface according to the reaction 

equation 5.1, which has been suggested in earlier reports.90, 92  

                                  α − SnWO4 +  H2O + 2h+ → SnO2 + WO3 + 2H+                                    (5.1) 

In this reaction, the formation of WO3 is suggested as well. This is, however, difficult to verify 

unambiguously with the available data. Observation of the secondary phase formation in XRD 

is not expected, due to the expected small thickness of the WO3 layer, and the possibly 

amorphous structure. Indeed, secondary phase formation after PEC treatment is not observed 

in Figure 5.3, independent of the pH of the solution. W in WO3 has the same oxidation state as 

in α-SnWO4 and is, therefore, also difficult to verify with XPS. However, clear broadening of the 

W 4f5/2 peak after PEC treatment may indicate the presence of WO3, due to slightly differing 

binding energies of W6+ in WO3 and α-SnWO4 (see Figure C3). It is noted that the presence of 

the W peak in Figure C1 suggests that a few nm of α-SnWO4 remain on the surface of the FTO 

substrate after measurement in pH 13, despite the optical transparency in the photograph in 

Figure C2.  
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Figure 5.2. (a) De-convoluted W 4f spectrum of a pristine α-SnWO4 film measured by lab-based XPS  

(λ = 1486.74 eV). The W6+ contribution can be seen as expected in nominal α-SnWO4 as well as a reduced 

W5+ species. (b) Sn 3d core level spectrum of the pristine α-SnWO4 film. The main contribution is 

attributed to Sn2+ and a smaller contribution of Sn4+ is found. (c) Relative W5+ contribution after PEC 

measurements in various pH electrolytes for the samples investigated in Figure 5.1, in comparison to the 

pristine α-SnWO4 sample. XPS measurements were only performed on the area exposed to the PEC 

measurements. (d) Significant increase of the Sn4+ contribution after PEC treatment in different pH 

electrolytes. 

Finally, the observed stability in acidic to neutral pH in Figure 5.1 may be explained by the 

stability of the formed surface layers (i.e., SnO2 and WO3) in this pH regime. WO3 is known to be 

stable in acidic to semi-acidic pH conditions.211-213 SnO2 is expected to be stable in acidic to 

neutral pH conditions and even in alkaline conditions at pH 9.179, 214 Both surface layers are 

unstable in strong alkaline pH (pH > 13). Consequently, the observed stability of α-SnWO4 in 

acidic to neutral pH can be explained by the formation of the surface oxide layers. The 

dissolution of α-SnWO4 in pH 9 may be related to the known instability of WO3. The dissolution 

of WO3 may weaken the structural integrity of α-SnWO4, and cause the entire film to dissolve.  
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Figure 5.3. XRD analysis of a pristine α-SnWO4 film and samples treated in different pH electrolytes. 

Measurement was performed at 1.23 V vs. RHE for a total of 1 h. The FTO reflections are indicated by 

asterisks. The reference pattern for α-SnWO4 is shown in red and was taken from JCPDS 01-070-1049. 

Formation of additional phases is not observed after the PEC measurements. The intensity ratio of  

α-SnWO4/FTO decreases in alkaline pH and indicates the exposure of the FTO (i.e.,  

F-doped SnO2) substrate due to dissolution of the α-SnWO4 film. 

 

5.3. Potential-dependent stability of α-SnWO4 

After clarifying the influence of the pH conditions at a fixed applied potential, in the next step, 

the potential-dependent stability of α-SnWO4 is evaluated. ICP-OES was again measured on the 

electrolyte solutions after the PEC measurements in a potential range between 0.6 V and 

1.23 V vs. RHE. The lower limit is the minimum operating voltage typically required in a tandem 

configuration with a Si bottom absorber. First, the behavior in pH 13 is investigated, and it is 

evaluated whether the application of less-positive potentials can prevent or reduce 

degradation. In Figure 5.4a and (b) the Sn and W concentrations in the electrolyte are shown, 

which were measured after several time steps at various applied potentials. A potential 

dependence is observed within the first 15 min, where a smaller dissolution of Sn and W is 

observed for less-positive potentials. Afterwards the concentration in the electrolyte saturates 

for both elements and the potential dependence disappears. This saturation probably 

corresponds to the almost complete dissolution of the film, expect a few nm of α-SnWO4 that 

remain on the surface as suggested by XPS. Overall, degradation of α-SnWO4 also occurs at less-
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positive potentials, and the initially slower dissolution does not prevent it from happening after 

a longer time. Thus, alkaline pH conditions (pH 13) are not suitable for the operation of α-SnWO4 

photoanodes.  

 

Figure 5.4. Degradation of α-SnWO4 films in pH 13 (0.1 M KOH) as a function of the applied potential. 

Corrosion products in the electrolyte were evaluated by ICP-OES after several time steps. (a) The Sn 

concentration significantly increases within the first 15 min. Afterwards it saturates and the degradation 

process stops due to the almost complete dissolution of the film. In the initial stage a potential 

dependence is observed, where slower dissolution is found for less-positive potentials compared to 1.23 

V vs. RHE. (b) The W concentration in the electrolyte follows the same trend as the Sn concentration.  This 

shows that α-SnWO4 films are also not stable at less-positive potentials in pH 13 electrolyte.  

In acidic to neutral pH conditions the potential dependence was explored as well by performing 

PEC measurements with various applied potentials. ICP-OES measurements shown in Figure C4a 

could not reveal a systematic trend. A possible potential dependence, however, may not be 

visible, due to the sensitivity of the ICP-OES measurements. The element concentrations in 

acidic to neutral pH are close to the detection limit. In the XPS measurements in Figure C4b a 

potential dependence of the Sn4+ contribution at the surface can be found.  The Sn4+ 

contribution decreases when less-positive potentials are applied. Overall, in acidic and neutral 

pH electrolyte α-SnWO4 films exhibit relatively good stability. The dissolution of the surface, 

however, due to the formation of binary surface oxide layers, cannot be completely prevented 

by applying less-positive potentials.  
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5.4. Stability investigation by spectro(photo)electrochemistry  

Stability investigation of α-SnWO4 films was also performed by in-situ 

spectro(photo)electrochemistry experiments. During the PEC measurement for 1 h with an 

applied potential of 1.23 V vs. RHE, the change in transmission was monitored to investigate the 

stability of the samples. A white light source was used to monitor the change in the transmitted 

light intensity, which was recorded with a spectrometer.  Charge carrier generation in the films 

was induced by illumination with a UV-LED (λ = 365 nm). More details on the setup can be found 

in Chapter 2.5. In Figure 5.5 the change in transmission expressed as ΔOD is presented for 

λ > 400 nm. A clear increase in the transmission (i.e., a decrease of ΔOD) can be observed for 

pH 13 in Figure 5.5a, which confirms the instability in this pH regime. For a probe wavelength of 

λ = 450 nm the change in ΔOD is shown in (d) as a function of time. Within the first few minutes 

(~15 min), the largest change in ΔOD and, therefore, degradation can be observed. Afterwards, 

the change is smaller and the ΔOD saturates, when the film is almost completely dissolved. 

Overall, good agreement can be found with the ICP-OES measurements presented in Figure 5.4, 

where the same trend could be observed in alkaline electrolyte.  

In Figure 5.5b and (c) the contour plots for the measurements in acidic (pH 2) and neutral (pH 7) 

are presented. Relative stability is observed due the absence of significant changes in ΔOD. The 

trend observed for λ = 450 nm in (d) supports the suggestion of the formation of the surface 

layer. After a small initial drop in ΔOD, as seen in more detail in the inset, further significant 

changes cannot be observed. This suggests a self-limiting nature of the surface layer formation.  
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Figure 5.5. In-situ stability investigation of α-SnWO4 films by spectro(photo)electrochemistry 

measurements. α-SnWO4 samples were mounted in a PEC cell and a potential of 1.23 V vs. RHE was 

applied for 1 h. Charge carriers were generated by irradiation with a UV-LED (λ = 365 nm). The change in 

transmission was monitored with a separated white light source in combination with a spectrometer (see 

Chapter 2.5 for more details). (a) shows the behavior in pH 13, where strong dissolution can be observed. 

In (b) and (c) relative stability is observed for pH 2 and 7. (d) Comparison of the change in transmission at 

λ = 450 nm for the different pH conditions, which emphasizes that the change in transmission mainly 

happens within the first few minutes. The small initial changes for pH 2 and 7 can be seen more clearly in 

the inset.  

The influence of less-positive applied potentials during the PEC treatment was also investigated 

with the same approach. In Figure 5.6 the measurements are presented, which were performed 

at 0.6 V vs. RHE in pH 2 and 7. When comparing the contour plots in (a) and (b) with the previous 

measurements at higher potential in Figure 5.5, clear differences cannot be found at first glance. 

However, comparing the change in ΔOD for λ = 450 nm in panel (c) and (d), reveals the higher 

sensitivity of the spectro(photo)electrochemistry measurements in comparison to the ICP-OES 

measurements. A smaller change in ΔOD is observed for lower potentials, which also correlates 

with the XPS measurements shown in Figure C4b, where less surface oxidation (Sn4+) was 

observed for less-positive potentials. Such a clear trend could not be observed by ICP-OES, as 

discussed above, due to the detection limit.  
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Figure 5.6. Spectro(photo)electrochemistry measurements of α-SnWO4 films performed at less-positive 

potentials. The change in transmission is expressed as ΔOD. (a) and (b) show the measurements 

performed at 0.6 V vs. RHE for 1 h in pH 2 and pH 7, where stability can be observed by the absence of a 

significant change in transmission. In (c) and (d) the measurements performed at 0.6 V vs. RHE are 

compared with the measurements performed at 1.23 V vs. RHE (see Figure 5.5) for λ = 450 nm. A smaller 

drop in ΔOD can be observed for less-positive potentials.  

 

5.5. Comparison of the experimental results with the calculated Pourbaix diagram 

In the next step, the experimental results obtained by ICP-OES are compared with a theoretical 

Pourbaix diagram,179, 214 which is provided by the Materials Project.4 In general, a Pourbaix 

diagram provides information about the thermodynamic stability of a material system, which 

depends on the pH of the aqueous solution, and the electrochemical potentials of all species 

present in the solution.129 Pourbaix diagrams can be constructed experimentally. However, this 

may be challenging and especially for rather new materials this may not be available. Theoretical 

calculations of Pourbaix diagrams, therefore, offer a convenient approach to predict the stability 

of a material, although these may not be fully accurate and other factors beyond the 

                                                           
4 The Materials Project is an open database that aims to provide the properties of inorganic materials via 
computational approaches.  
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thermodynamic stability may play a role. In the Materials Project the calculation is based on free 

energies of aqueous ions taken form experimental reports and free energies of the solid phases 

calculated by DFT.214 

 

Figure 5.7. Summary of the experimentally observed stability and degradation of α-SnWO4 films 

measured by ICP-OES and comparison with a modified theoretical Pourbaix diagram provided by the 

Materials Project.179, 214 The diagram is calculated for W and Sn ion concentrations of 10-6 mol/kg. The 

phases that are expected to be stable in the respective pH regimes are indicated. In the blue shaded 

region, stability of at least one solid phase is expected. In acidic to neutral pH good agreement can be 

observed between experiment and calculation. In alkaline pH 9 and 13 the experimental data disagree 

with the theoretical prediction.   

In Figure 5.7 the experimentally obtained stability data are summarized and compared with the 

theoretical Pourbaix diagram. Based on the Pourbaix diagram, stability of at least one solid 

phase is predicted in a broad pH range from acidic to alkaline pH in the blue shaded range. The 

experimentally measured concentrations in the electrolyte after the 1 h PEC measurements are 

represented by color-coded points. The solid SnO2 and WO3 phases are predicted to be 

thermodynamically stable in acidic conditions (pH < 4). In this region good agreement between 

experiment and calculation exists. The suggestion derived from XPS that SnO2 and WO3 forms 

at the surface supports the agreement. Between pH 4.1 and 13.2 the formation of SnO2 and 

WO4
2- (i.e., dissolution of W) is predicted in the Pourbaix diagram. In the experiment, stability is 

observed in pH 5 and 7. If in this regime indeed SnO2 and WO3 is formed on the surface as 

proposed above in Chapter 5.2, this may suggest that the stability regime of SnO2 and WO3 is 
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actually larger than thermodynamically predicted. Kinetics may influence the overall stability 

that is experimentally observed in this regime. In pH 5 and 7, the dissolution of WO3 and thus 

the formation of WO4
2- may be very slow, such that a protecting SnO2 layer can form, which 

inhibits further dissolution of α-SnWO4. Disagreement between experiment and the 

thermodynamic prediction can be found in alkaline conditions. The strong dissolution of Sn and 

W in pH 9, and especially in pH 13 is not predicted by the Pourbaix diagram. Instead, the 

experimental observation in alkaline conditions agrees with the thermodynamic instability 

region above pH 13.2 in the calculation. In this region, the dissolution of Sn and W is predicted 

by formation of SnO3
2- and WO4

2-. The instability region in alkaline pH is, consequently, larger 

than predicted.  

5.6. Long-term stability and self-passivation 

Finally, the long-term stability of α-SnWO4 films is investigated in neutral pH conditions. In 

Figure 5.8 the element concentrations in the electrolyte are shown, measured by ICP-OES after 

PEC measurements for 1 h and 24 h. The measurements were performed in pH 7 electrolyte 

with an applied potential of 1.23 V vs. RHE. After 24 h both the Sn and W concentrations are of 

similar magnitude as observed after 1 h, indicating that within this time period further 

dissolution does not occur.  For comparison the element concentrations after 1 h measurement 

in pH 13 is indicated, where strong dissolution is found. The observations in the ICP-OES data 

are complemented with the XPS measurements presented in panel (b). After 1 h and 24 h a 

significant increase of the Sn4+ contribution at the surface can be seen. In both cases the relative 

contributions are very similar, which indicates that further oxidation (i.e., further growth of the 

oxide layer) does not occur. This suggests the self-limiting nature of this passivating oxide layer 

in pH 7 electrolyte formed at the surface of α-SnWO4.  

Although further film dissolution is prevented, the hole blocking nature of this surface layer 

limits charge transfer to the electrolyte. The photocurrent measured in the pristine α-SnWO4 

film drops within the initial stage of the PEC measurement by ~90 % as seen in Figure 5.9. To 

exclude kinetic limitations at the surface, in this case the measurement was performed in pH 7 

electrolyte with the addition of 0.5 M Na2SO3 as a hole scavenger. As shown in more detail in 

Figure C5, the presence of the scavenger does not have a significant impact on the stability. The 

clear drop of the photocurrent density can be prevented by deposition of a 20 nm NiOx 

overlayer, which partially prevents the oxide layer formation (see the previous chapters and 

reports).90, 92 In Figure 5.9 the photocurrent of the NiOx protected film is indeed higher and more 

stable.  
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Figure 5.8. Long-term stability of α-SnWO4 films. In (a) the W and Sn concentrations in the electrolyte 

after the measurements for 1 h and 24 h are shown, where a significant difference in the element 

concentrations between both measurement times cannot be observed. Further film dissolution is 

inhibited. This is also supported by the Sn 3d core level spectra shown in (b). There is no significant 

difference in the Sn4+ contribution between the spectra measured after the 1 h PEC measurement and 

the one measured after 24 h PEC exposure.  

It decreases, however, continuously within the measurement period and after 24 h only ~50 % 

of the initial current can be measured. The origin of this decrease can be found again with the 

help of ICP-OES measurements. After several time steps, the electrolyte was measured by ICP-

OES, and in Figure 5.9b the results are presented. The concentration of Ni increases significantly, 

which correlates with the decrease of the photocurrent. At the same time the concentrations 

of Sn and W remain relatively constant in the electrolyte. Overall, this suggest that the loss in 

photocurrent is related to the dissolution of the NiOx layer and shows that the NiOx film is not 

completely stable in pH 7 conditions. The stability of the NiOx layer is, consequently, another 

limitation of the α-SnWO4 photoelectrodes, in addition to the photovoltage limitation discussed 

in the previous chapters.  
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Figure 5.9. (a) Photocurrent Jp of a pristine α-SnWO4 film and a film coated with 20 nm NiOx. For the 

pristine film Jp decreases in the initial period of the measurement, which can be correlated with the 

surface oxide layer formation. The origin for the decreasing Jp of the NiOx coated sample can be found in 

the ICP-OES measurements shown in (b). The NiOx layer dissolves as indicated by the increase of the Ni 

concentration in the electrolyte. At the same time the W and Sn concentrations remain relatively 

constant.  

5.7.  Summary and conclusion 

In this chapter, the (photo)electrochemical stability of α-SnWO4 photoanodes prepared by PLD 

was studied in detail. A combination of the complementary techniques ICP-OES, XPS, XRD, and 

spectro(photo)electrochemistry was used. Thereby the dependence on the pH of the 

electrolyte, and the impact of the applied potential during the PEC measurement were 

investigated. Strong dependence on the pH conditions was found. A regime with relatively good 

stability could be defined from acidic to neutral (2 – 7) pH. Significant dissolution was found in 

alkaline electrolyte (pH > 9), which was reduced at less-positive potentials. A calculated 

Pourbaix diagram from the Materials Project179, 214 was used for comparison with the 

experimental results. Good agreement exists in acidic to neutral pH. In alkaline conditions, 

however, the Pourbaix diagram underestimates the instability region. Although the dissolution 
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in acidic to neutral pH was limited, oxidation of Sn2+ to Sn4+ could clearly be observed. Formation 

of SnO2 as well as WO3 was also suggested. PEC measurements resulted in the formation of a 

surface oxide layer probably consisting of a mixture both oxides. The overall stability of α-SnWO4 

is defined by this surface layer, which forms within the first few minutes of the PEC treatment. 

Most effective protection of α-SnWO4 by the surface layer was found in neutral pH conditions, 

which is consequently the most suitable operation condition. Long-term stability (24 h) 

investigations finally confirmed the self-limiting nature of the surface layer formation, which 

demonstrates the self-passivation of α-SnWO4 photoelectrodes. The extractable photocurrent 

is, however, limited by the charge transfer blocking nature of the passivation layer. High 

photocurrents can only be achieved with the help of a hole-conducting protection layer. NiOx is 

the best working solution so far, although the limited stability in pH 7 is another challenge in 

addition to the previously discussed photovoltage issue. The self-passivation mechanism is, 

however, an important feature of α-SnWO4 photoelectrodes, especially for long-term operation 

in a water splitting device. In general, with the presence of a self-passivation mechanism the 

requirements for overlayer deposition are relaxed. Absence of full layer conformality, due to 

the presence of pinholes or an island type growth of the overlayer, will not result in complete 

operational breakdown.  
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6. Summary, conclusions and outlook 

In order to mitigate the impact of climate change on environment, society, and economy, a 

transition to a system based on sustainable energy sources is required. Hydrogen produced via 

photoelectrochemical water splitting may become an important contribution in the coming 

decades. One of the main challenges for the success of this technology is the development of 

suitable semiconducting materials. These may be found in the class of metal oxide materials. An 

ideal candidate, however, has not been found thus far. α-SnWO4 is an emerging candidate of 

this material class, which offers promising properties. The development of highly efficient  

α-SnWO4 photoelectrodes is however challenging. Therefore, in the present thesis, major 

challenges of this material were addressed, with a focus on the understanding of the underlying 

mechanisms.  

In the first part, the photovoltage limitation in α-SnWO4 films coated with NiOx overlayers was 

investigated. Open circuit potential analysis was used to confirm the limitation. A relation of the 

photovoltage reduction with the thickness of NiOx was found, where the ΔOCP decreased with 

increasing NiOx thickness. This motivated the thorough investigation of the interface between 

α-SnWO4 and NiOx by hard X-ray photoelectron spectroscopy. Strong upwards band bending in 

α-SnWO4 was observed at the interface, which may be beneficial for the separation of 

photogenerated charge carriers. However, an effect that negates this beneficial property seems 

to be present. Significant oxidation of Sn2+ to Sn4+ was found at the same time, which increased 

with the thickness of the NiOx layer.  Density functional theory calculations and Monte Carlo-

based peak intensity simulation of the spectroscopy data were used to understand the impact 

of the interfacial oxidation. Secondary phase formation at the interface in the form of SnO2 was 

proposed. This observation was correlated with the photovoltage limitation with the help of 

control experiments. Step-wise oxidation and, thus, SnO2 formation was accompanied by a 

similar decrease in the ΔOCP as for the NiOx coated films. A first phenomenological 

understanding of the α-SnWO4/NiOx interface could be generated in this chapter.  

Modulated surface photovoltage spectroscopy indicated the substantial alteration of the charge 

separation and relaxation processes upon deposition of NiOx on α-SnWO4. First indication for 

the presence of intra-band defect states was found. Further photoelectron spectroscopy studies 

were performed to complement this analysis. A thorough analysis of the interface of α-SnWO4 

and SnO2 was performed. Valence band spectroscopy revealed the presence of a state above 

the valence band maximum. This state may be the origin of the Fermi level pinning at the 

interface of surface oxidized α-SnWO4 and NiOx, as illustrated by the band diagrams. 
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Consequently, the photovoltage limitation in α-SnWO4 may be a result of the substantial surface 

modification of α-SnWO4. Overall, the first two chapters provided detailed understanding of the 

photovoltage limitation in α-SnWO4/NiOx photoelectrodes.  

The final chapter in this thesis showed again the importance to understand the impact of surface 

modifications on the photoelectrode properties. In this case, the impact was investigated with 

respect to the (photo)electrochemical stability of α-SnWO4 films. Inductively coupled plasma - 

optical emission spectroscopy was used to investigate the stability in dependence on pH and 

applied potential during operation. The stability clearly depends on the pH of the electrolyte, 

and relative stability is found in neutral to acidic pH. Potential dependence of the stability was 

found as well. Spectro(photo)electrochemistry was used to investigate the stability in-situ under 

PEC conditions.  The high sensitivity of these measurements even revealed a potential 

dependence in pH 2 and pH 7 electrolyte, where relative stability was found. The overall stability 

of α-SnWO4 films depends on the formation of the binary surface oxide layer (containing SnO2 

and WO3), as suggested by the combination of the dissolution data with X-ray photoelectron 

spectroscopy and X-ray diffraction. Comparison with a calculated Pourbaix diagram was 

performed. The experimentally determined stability window agrees well with the calculation. 

However, the instability region in alkaline conditions was underestimated by the calculated 

potential-pH diagram. Long-term stability investigations performed in pH 7 electrolyte showed 

the self-passivation of α-SnWO4 films. Further film dissolution is inhibited by this mechanism. 

This mechanism can be a great advantage for the long-term operation of photoelectrodes. The 

performance of NiOx coated α-SnWO4 films is, however, limited by the stability of NiOx in neutral 

pH electrolyte. This indicated another limitation of NiOx as a protection layer for α-SnWO4. In 

addition to the photovoltage limitation, the stability of NiOx is another motivation to develop 

alternative protection strategies for α-SnWO4.  

Overall, in this thesis, fundamental understanding of two important aspects of  

α-SnWO4 photoelectrodes was achieved, i.e., the photovoltage limitation and the 

photoelectrochemical stability. Further fundamental understanding may also be generated with 

epitaxial α-SnWO4 films in future studies. Pulsed laser deposition, used in the present study, is 

generally suitable for the deposition of such films. The basic understanding can help to find 

suitable strategies to enhance the performance of α-SnWO4 films. In order to mitigate the 

discussed limitations, new protection strategies need to be developed. Here, it is essential to 

protect the sensitive α-SnWO4 surface from oxidation. Passivation of the surface may also be 

achieved, for instance, with the help of self-assembling monolayers. If the discussed challenges 

will be solved, then α-SnWO4 photoanodes are, in principle, a promising candidate for tandem 
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devices in combination with a Si bottom absorber. Development of such devices is crucial to 

achieve highly efficient photoelectrochemical water splitting.55 While it seems realistic that 

significant improvements of α-SnWO4 films can be achieved on a laboratory scale with elaborate 

protection and device concepts, the perspective of α-SnWO4 to become the “ideal absorber 

material”, should be critically assessed. A potential limitation of α-SnWO4, which has not been 

in the focus of the present study, is the rather low absorption coefficient in the visible 

wavelength range.90, 118 As already proposed previously, this may be overcome by nano-

structuring to achieve higher efficiencies. 90, 118 The “ideal photoabsorber”, however, should not 

only be efficient, but it should also be scalable, of low-cost, and easy to manufacture.46 These 

typical advantages of metal oxides may be partially negated by high demands on the protection 

layer deposition and by the need for nanostructuring. Despite these drawbacks, it seems 

advisable to invest further research efforts in the development of α-SnWO4-based 

photoelectrodes, also because of the beneficial self-passivation effect. In parallel to the 

development of α-SnWO4 films, further efforts should be put on the screening and development 

of emerging metal oxide materials. Here, the general importance of the obtained results in the 

present study can contribute to an efficient development of other metal oxide photoelectrodes. 

These development efforts can help to finally establish PEC water splitting as the production 

route for sustainable hydrogen in the coming decades.  
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A. Supplemental information for Chapter 3: interfacial oxide formation limits the 

photovoltage in α-SnWO4/NiOx photoanodes prepared by pulsed laser 

deposition 

 

Figure A1. X-ray diffractogram of our 100 nm-thick α-SnWO4 film. All reflections can be assigned to the  

α-phase (PDF 01-070-1049, blue vertical lines) and the underlying FTO substrate (marked with asterisks). 

 

Figure A2. Beam damage study performed on pristine α-SnWO4 by HAXPES. In (a) the W 4f core level 

spectra are shown, which were measured without filter (100 % intensity), with the use of a Be filter (~25 % 

intensity), and with the use of a Al filter (~5 % of the original intensity). Measurements were performed 

on three different and fresh measurement spots. For all measured scans the W5+ contribution was 

determined, which is shown in (b). A clear difference of the W5+ contribution cannot be observed, 

indicating that beam damage is not the origin of the W5+ contribution.   
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Figure A3. HAXPES measurements performed on pristine α-SnWO4 films using photon energies of 2, 4, 

and 6 keV as indicated in the graphs. The W 4f core level is shown in (a), the Sn 3d core level in (b), the O 

1s spectra in (c), and the valence band (VB) spectra are depicted in (d). 
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Figure A4. De-convoluted W 4f core level spectra of α-SnWO4 measured by HAXPES with a photon energy 

of 2 keV. The NiOx thickness is indicated in the graphs, and varies between 0 nm (i.e., the pristine film) 

and 50 nm. The fits for the measurements with 4 keV and 6 keV were performed based on the same 

procedure as presented here or 2 keV. They can be found in the supplemental information of reference.92  

 

Figure A5. De-convoluted Sn 3d core level spectra of α-SnWO4 measured by HAXPES with photon energy 

of 2 keV. The NiOx thickness is indicated in the graphs, and varies between 0 nm (i.e., the pristine film) 

and 50 nm. The fits for the Sn 3d spectra measured with 4 keV and 6 keV can be found in the supplemental 

information of reference.92 
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Figure A6. In (a) and (b) W 4f and Sn 3d core level spectra of α-SnWO4 are shown, which were measured 

with HAXPES using a photon energy of 4 keV. As indicated in the graphs the pristine film is compared with 

samples coated with an increasing NiOx thickness. The W 4f and Sn 3d core level measurements 

performed with 6 keV are depicted in (c) and (d). In all graphs the position of the W6+ and Sn2+ peaks 

corresponding to the pristine sample are indicated. 
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Figure A7. (a) O 1s core level spectra of α-SnWO4 and α-SnWO4/NiOx measured with HAXPES using a 

photon energy of 2 keV. The pristine film (black) is compared with the NiOx coated films. (b) Ni 2p spectra 

measured with 2 keV. For comparison the measurement performed on a FTO/NiOx reference sample is 

shown.  (c) O 1s spectra measured with 4 keV. (d) Ni 2p core level spectra measured with 4 keV. The O 1s 

and Ni 2p core level spectra measured with HAXPES using a photon energy of 6 keV are shown in (e) and 

(f), respectively.  
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Figure A8. De-convoluted Ni 2p spectrum of a α-SnWO4 film coated with 2 nm NiOx. Measurement was 

performed with HAXPES using a photon energy of 2 keV. The peaks were fitted based on a procedure 

reported in literature (peak 1 = red, peak 2 = cyan, peak 3 = olive, peak 4 = blue and peak 5 = magenta).215  

(b) Peak contributions of peak 1 and 2 as a function of the NiOx layer thickness. A significant change cannot 

be found, indicating that the chemical nature of NiOx does no change when varying the thickness. 

Extracted peak areas were normalized on the total area of the de-convoluted spectrum. The peak 

contributions also agree well with the reported fitting procedure.215 

 

Figure A9. Valence band spectra of pristine α-SnWO4 and α-SnWO4 films coated with different thicknesses 

of NiOx. HAXPES measurements were performed with photon energies of 2, 4, and 6 keV. The NiOx 

thickness is indicated in the figure. With an increasing thickness of NiOx valence band features related to 

α-SnWO4 are attenuated and NiOx features are enhanced. An effect of change in probing depth can also 

be observed, due to the variation of the photon energy. 
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Figure A10. (a) Effect of Sn-vacancies on the electronic density of states of α-SnWO4 calculated by DFT. 

Presence of a shallow electronic state is observed in the band gap above the VBM. The introduction of 

the Sn-vacancies is accompanied by the partial oxidation of Sn2+. (b) Appearance of a broad electronic 

state in the band gap is found, if O-vacancies are introduced in the model calculation. The introduction of 

O-vacancies represents the reduction of W6+ to W5+. (c) shows the partial charge density map of the Sn-

vacancy model, which suggests that the presence of Sn-vacancies is related to the oxidation of Sn2+ to 

Sn3+. This originates from the charge distribution of the released holes over two Sn species. The partial 

charge density map in (d) reveals a strong delocalization of released charges for the case of  

O-vacancies. Sn atoms = blue, W atoms = grey, O atoms = red. 
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Figure A11. (a) Density of states calculated by DFT for the α-SnWO4 structure, where Sn replaces W 

(antisite defect). An additional electronic state in the band gap can be observed above the VBM. The 

situation is similar to the case of the Sn-vacancy in Figure A.10. (b) Density of states for α-SnWO4, in which 

W replaces Sn. A broad electronic state is introduced in the band gap. (d) Partial charge density map for 

the calculation shown in (a). The charge density around the atoms is indicated in yellow. (d) Partial charge 

density map for the calculation shown in (b). Sn atoms = blue, W atoms = grey, O atoms = red. 
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Figure A12. Partial charge density map for the DFT calculation in Figure 3.8d. In this model, the α-SnWO4 

structure shown in Figure 3.8b contains a W-vacancy, which compensates Sn4+ defects. The charge 

distribution is indicated in yellow, which indicates a localized character of the electronic state associated 

with the presence of W-vacancy.  Sn atoms = blue, W atoms = grey, O atoms = red. 

 

Figure A13.  Normalized Sn/W ratio extracted from W 4f and Sn 3d core levels measured by HAXPES with 

a photon energy of 2 keV. The pristine α-SnWO4 film is compared with samples coated with an increasing 

thickness of NiOx. The peak areas and ionization cross-sections were used to estimate the Sn/W ratio. 

Normalization of the values was performed with respect to the pristine film. For the Sn4+ compensation 

by W-vacancies, a decrease of the W contribution would be expected for an increasing NiOx layer 

thickness (the corresponding DFT calculations are shown in Figure 3.8 and A.13, which show the localized 

character of this in the middle of the band gap). This however is not the case for the data obtained in this 

study and, thus, considered as an argument against the presence of a significant amount of W-vacancies.   
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Figure A14. (a) Illustration of an α-SnWO4 film coated with a NiOx layer, which exhibits an island growth. 

This model structure as well as a model with a dense and flat NiOx layer on top of α-SnWO4 were used to 

simulate the Sn 3d core level spectra using the SESSA software package. 180 Peak intensity simulations 

performed with this software are based on a Monte Carlo algorithm. Comparing the simulated spectra 

for both morphologies with the experimental data, suggests that an estimated ~20 % of the α-SnWO4 

surface is not covered by NiOx. Hence, the NiOx layer deposited by PLD exhibits an island morphology. (b) 

The NiOx layer only attenuates the signal arising from α-SnWO4 and other phases, and has no impact on 

the relative ratio of the different oxidation states of the underlying phases. Therefore, only α-SnWO4 

covered with different thicknesses of SnO2 is simulated, as schematically illustrated. In this model the 

SnO2 layer is assumed to have a flat and dense morphology. (c) For the different SnO2 thicknesses, the Sn 

3d core level spectra were simulated, and the relative contributions of Sn4+ to the total signal were 

extracted from the simulated spectra.  
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B. Supplemental information for Chapter 4: intra-band gap states in α-SnWO4 

photoanodes introduced by surface modifications 

 

Figure B1. Phase angle analysis as function of the photon energy of the modulated SPV measurements 

shown in Figure 4.2. A pristine α-SnWO4 film and NiOx-coated films are compared. Below the band gap 

energy, the charge carrier recombination has a different nature for pristine and NiOx coated films, 

indicated by the different sign of the phase angle. This suggests the modification of bulk or surface state 

related charge generation/recombination by deposition of NiOx. 

 

Figure B2. Estimation of the FWHM of the W 4f5/2 peak measured by HAXPES on a pristine α-SnWO4 film 

and SnO2 coated α-SnWO4. The peak broadening may indicate the presence of two different W6+ species. 

This may suggest the presence of WO3.  
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Figure B3. HAXPES measurements performed on pristine a α-SnWO4 film and α-SnWO4/SnO2 samples 

using various photon energies as indicated in the graphs. The SnO2 layer has an estimated thickness of 

~12 nm and was formed by photoelectrochemical oxidation at 1.23 V vs. RHE in pH KPi. The W 4f core 

level is shown in (a), and the Sn 3d core level in (b). The relative contributions of the different oxidation 

states and the binding energies are represented in Figure 4.4. Note that the photon energies were chosen 

differently compared to Chapter 3, to match with the valence band measurements in resonant condition.  

 

Figure B4. (a) De-convoluted W 4f spectrum of a pristine α-SnWO4 film measured with hν = 3880 eV. 

(b) Sn 3d core level spectrum of the same sample de-convoluted into Sn2+ and Sn4+ contributions. Fitting 

was performed as described in Chapter 2.3.1.  
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Figure B5. XAS spectra of pristine and NiOx-coated α-SnWO4 films. Measurement of the Sn L3,2-edge was 

performed with the Si (111) double crystal monochromator. The arrows indicate the absorption features 

at which the valence band measurements were performed.  

Table B1. Comparison of the excitation energies of the absorption features in the Sn L3-edge measured 

with the Si (111) and Si (311) double crystal monochromator.  

Si (111) Si (311) 

3933 eV 3947 eV 

3942 eV 3956 eV 

3952 eV 3572 eV 

 

Figure B6. Representative W M-edge spectrum of a pristine α-SnWO4 film measured by XAS using the Si 

(111) double monochromator crystal. Due to experimental limitations (the minimum photon energy at 

the beamline is 2003 eV), only the W M1-edge could be measured. The M-edge has in general a lower 

fluorescence yield in comparison to K- or L-edges.  
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Figure B7. Valence band spectra of pristine and SnO2 coated α-SnWO4 films measured with HAXPES using 

the Si (311) monochromator, under resonance condition with the Sn L2 absorption edge. A photon energy 

of hν = 4208 eV was used. 

 

Figure B8. Valence band spectra of a pristine α-SnWO4 film and α-SnWO4/SnO2 samples measured by 

HAXPES in resonance with the W M-edge. The different photon energies are indicated in the panels (a), 

(b), and (c). Indication of an intra-band state can be seen especially in (c).  
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Figure B9. Valence band spectra of a pristine α-SnWO4 film and α-SnWO4/NiOx samples measured with 

HAXPES. The used photon energies are indicated in the graphs, which correspond to features in the L3- 

absorption edge of Sn. The NiOx valence band overlaps with the valence band maximum of α-SnWO4, and 

conceals the possible presence of the intra-band gap state. 
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C. Supplemental information for Chapter 5: pH-dependent stability of α-SnWO4 

photoelectrodes 

 

Figure C1. De-convoluted W 4f and Sn 3d core level spectra of α-SnWO4 samples after PEC treatment 

measured by lab-based XPS. Samples were measured for 1 h at 1.23 V. vs. RHE in various pH electrolytes, 

as indicated in the panels. In all cases, a significant increase of the Sn4+ contribution can be observed after 

the PEC measurement in comparison to the pristine sample, which has a Sn4+ contribution of 22 ± 4 %, 

and agrees well with previous reports.90, 92  

 

Figure C2. Photographs of α-SnWO4 films after PEC treatment in various pH electrolytes. PEC 

measurements were performed for 1 h with an applied potential of 1.23 V vs. RHE. Clear dissolution and 

exposure of the FTO substrate can be observed in alkaline conditions. A visual change cannot be observed 

in acidic to neutral pH. The black dot indicates the center of the exposed film area.  
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Figure C3. Full width at half maximum (FWHM) of the W 4f5/2 peak of α-SnWO4 films. The samples were 

measured for 1h in various pH electrolytes with an applied potential of 1.23 V vs. RHE. For comparison 

the value of the pristine α-SnWO4 film is indicated by the horizontal dashed line. A clear increase of the 

FWHM after the PEC measurements can be an indication for the presence of two W6+ species with 

differing binding energies. This may support the proposed formation of WO3 on top of the α-SnWO4 films, 

in addition to the SnO2 phase.  

 

Figure C4. Potential dependence of the stability of α-SnWO4 films in pH 2 and pH 7 electrolytes. 

(a) Concentration in the electrolyte after PEC measurements with various applied potentials measured by 

ICP-OES. A systematic trend cannot be observed. (b) Relative Sn4+ contribution estimated from peak fitting 

of Sn 3d5/2 spectra measured by lab-based XPS. Surface oxidation decreases for lower potentials in pH 2 

and 7. 
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Figure C5. Comparison of the stability of α-SnWO4 samples measured with and without scavenger.  

(a) ICP-OES measurements of the electrolyte performed after 1 h PEC treatment with an applied potential 

of 1.23 V vs. RHE. A clear impact of the presence of the scavenger cannot be observed. For comparison 

the measurements in pH 13 are presented, where strong dissolution was found. (b) and (c) show the de-

convoluted Sn 3d spectra measured by lab-based XPS after PEC measurement in pH 13 with and without 

scavenger. The spectra for samples measured in pH 7 are shown in (d) and (e). In all cases, a significant 

increase of the relative Sn4+ contribution is observed. In pH 13 this is mainly related to exposure of the 

FTO substrate (i.e., F-doped SnO2).   

 

Figure C6. XRD analysis of the α-SnWO4 samples evaluated in Figure C5. A difference between the pH 7 

measurements performed at 1.23 V vs. RHE with and without scavenger is not observed. There is no clear 

change of the intensity ratio between α-SnWO4 and FTO, as well as no secondary phase formation in both 

cases. The reference pattern for α-SnWO4 is indicated in red and was taken from JCPDS 01-070-1049. FTO 

reflections are marked with asterisks. 
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D. List of abbreviations 

IPCC Intergovernmental Panel on Climate Change 

MOF Metal organic framework 

PEC photoelectrochemistry 

STH efficiency Solar-to-hydrogen efficiency 

PEM Proton exchange membrane 

e- electron 

h+ hole 

OER Oxygen evolution reaction 

HER Hydrogen evolution reaction 

ϕOER (H2O/O2) Redox potential OER 

ϕHER (H2/H2O) Redox potential HER 

ΔG Gibbs free energy 

F Faraday constant 

n Number of charges 

Jphoto Photocurrent density 

Pin Incident Power 

AM1.5 Air Mass 1.5 

EF Fermi level 

W Width of space charge layer 

WH Width of Helmholtz layer 

EqF,n Quasi Fermi level of electrons 

EqF,h Quasi Fermi level of holes 

ΔVphoto Photovoltage 

Jmax Theoretical maximum photocurrent density 

ICPE Incident photo-to-current efficiency 

λ Wavelength 

EVBM Valence band maximum 

ECBM Conduction band minimum 

α(λ) Absorption coefficient  
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Jabs Photocurrent density with 100 % APCE 

APCE Absorbed photon-to-current efficiency 

𝜉(λ) Wavelength-dependent photogeneration yield 

JPEC Measured photocurrent density 

ηsep Separation efficiency 

ηin Injection Efficiency 

LD Diffusion length of minority charge carriers 

D Diffusivity 

τ Charge carrier lifetime 

μ Charge carrier mobility 

T Temperature 

2-jn-a-Si Double junction amorphous silicon solar cell 

PLD Pulsed laser deposition 

DFT Density functional theory 

ϕSB,n  Schottky barrier height 

ϕM Work function of the metal 

ΧS Electron affinity of the semiconductor  

HAXPES Hard X-ray photoelectron spectroscopy 

SPV Surface photovoltage 

ICP – OES Inductively coupled plasma – optical emission spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

FTO Fluorine doped tin oxide 

F Laser fluence  

d Target-to-substrate distance 

PES Photoelectron spectroscopy 

Ekin Kinetic energy of photoelectron 

hν Photon energy 

Ebind Binding energy 

ϕspec Spectrometer work function 

IMPF (λIMPF) Inelastic mean free path 
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UPS Ultraviolet photoelectron spectroscopy 

Ecore Core level energy 

ϕSample Sample work function 

FWHM Full width at half maximum 

CA Relative contribution of species A 

ResPES Resonant photoelectron spectroscopy 

XAS X-ray absorption spectroscopy 

dWE Radius of PEC exposed area of the working electrode 

RHE Reversible hydrogen electrode 

Vapp Applied potential 

VAg/AgCl Potential versus Ag/AgCl reference electrode 

KPi Potassium phosphate buffer 

OCP Open circuit potential 

ΔOD Change in optical density 

TI Transmitted intensity 

Tref Transmitted intensity before start of PEC measurement 

ΔCPD Contact potential difference 

Cm Measurement capacitor 

Rm Measurement resistance 

X Fast response signal in modulated SPV 

Y Slow response signal in modulated SPV 

Fmod Modulation frequency in SPV 

Tmod Modulation period in SPV 

ϕ Phase angle in modulated SPV 

TEM Transmission electron microscopy 

LSV Linear sweep voltammetry 

DOS Density of states 

Q Charge transferred across the interface  
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