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Abstract 

 

 

In order to overcome the difficulties faced with increasing global energy demands, increasing 

air pollution and climate change, since the majority of pre-existing technology is reliant on 

finite and polluting fossil fuels. As an alternative, solar water splitting offers a promising 

approach to address these issues, with the conversion of solar energy into chemical energy 

(hydrogen as an example), in a sustainable and clean manner. However, with all the research 

devoted to this field since the first discovery of photocatalytic water splitting using titanium 

dioxide and UV-light (Fujishima and Honda, 1972), to date, there still does not exist a 

photocatalyst, capable of efficiently splitting water under visible light irradiation for practical, 

large scale, low cost applications.  

 

In several oxide materials, the substitution of nitrogen into the oxygen site leads to the formation 

of the corresponding oxynitride material, which also sees a significant reduction of the band 

gap, typically shifting the band gap from the ultra violet region towards the visible light energy 

range. Moreover, the edge positions of the valence band maximum and conduction band 

minimum for these oxynitrides are ideal for overall water splitting, as they incorporate both the 

water reduction and oxidation potentials. The reduced band gap and band positions mean that 

oxynitrides are suitable photocatalysts for solar water splitting and among some of the most 

promising materials for visible light driven water splitting. Although oxynitrides are considered 

promising, they suffer from a physicochemical evolution of the surface during initial operations 

conditions, therefore, limiting their long-term efficiency.  

 

In the first half of this thesis, LaTiOxNy oxynitride thin films are employed to study the surface 

modifications at the solid-liquid interface that occur during photoelectrocatalytic water 

splitting. Where, soft-X-ray Angle-Resolved Photoemission Spectroscopy (SX-ARPES) is able 

to elucidate the electronic structure of the LTON oxynitride thin film surface layers and, its 

associated evolution during the oxygen evolution reaction. Ex-situ neutron reflectometry and 

grazing incidence X-ray absorption spectroscopy (GIXAS) were utilised to distinguish between 
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the surface and bulk signals, with a surface sensitivity of 3 nm. Here we show, contrary to what 

is typically assumed, that the A cations are active sites that undergo oxidation at the surface as 

a consequence of the water splitting process. Whereas, the B cations undergo local disordering 

with the valence state remaining unchanged. This surface modification reduces the overall 

water splitting efficiency, but is suppressed when the oxynitride thin films are decorated with a 

co-catalyst.  

 

In the second half of the thesis, with a custom designed photoelectrochemical cell, we perform 

operando GIXAS on the oxynitride semiconductor SrTaOxNy during photocatalytic solar 

water splitting. We show that the nature of the A-site (Sr) and its evolution during operation, 

have large impacts on the overall stability and catalytic activity of the material, leading to an 

enriched BO2 (Ta(OH)/TaO(OH)) like surface. However, this usually beneficial effect with 

respect to increased surface hydrophilicity has complications for the efficiency of the 

photocatalytic process, as the OH and O(OH) intermediates formed are in competition between 

O2 generation and NOx species formation in the initial stages of operation.   

 

To drive the advancement for the discovery of novel materials and the improvement of existing 

materials, that are able to fulfil all the requirements to allow efficient solar-to-hydrogen 

conversion, relies on the comprehensive understanding of the photocatalysts electronic 

structure and, its evolution over the photoelectrochemical (PEC) reaction. 
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Zusammenfassung 

 

 

Die solare Wasserspaltung ist ein vielversprechender alternativer Ansatz um die 

Schwierigkeiten zu überwinden, die mit dem steigenden globalen Energiebedarf, der 

zunehmenden Luftverschmutzung und dem Klimawandel verbunden sind. Da der Großteil der 

bereits vorhandenen Technologien auf limitierte und umweltschädliche fossile Brennstoffe 

angewiesen ist, kann alternativ die Umwandlung von Sonnenenergie in chemische Energie (z. 

B. Wasserstoff) durch die Wasserspaltung auf nachhaltige und saubere Weise realisiert werden. 

Bei aller Forschung auf diesem Gebiet, die es seit der ersten Entdeckung der photokatalytischen 

Wasserspaltung unter Verwendung von Titandioxid und UV-Licht (Fujishima und Honda, 

1972) gibt, wurde noch kein Photokatalysator, mit dem Wasser effizient mit sichtbarem Licht 

gespalten werden kann, für eine großtechnische und kostengünstige Anwendung gefunden . 

Um die Entwicklung für die Entdeckung neuartiger Materialien und der Verbesserung 

bestehender Materialien voranzutreiben, die alle Anforderungen für eine effiziente 

Umwandlung von Sonnenlicht in Wasserstoff erfüllen können, ist ein umfassendes Verständnis 

der elektronischen Struktur der Photokatalysatoren und der photoelektrochemischen (PEC) 

Reaktion notwendig. 

 

In mehreren Oxidmaterialien führt die Substitution von Sauerstoff mit Stickstoff zur Bildung 

des entsprechenden Oxynitridmaterials, wodurch auch die Bandlücke signifikant verringert 

wird. Damit wird die Bandlücke oder Absorption vom ultravioletten Bereich in Richtung von 

sichtbaren Licht verschoben. Darüber hinaus sind die Grenzen des Valenzbandmaximums und 

des Leitungsbandminimums der Oxynitride ideal für die gesamte Wasserspaltung, da sie 

sowohl das Wasserreduktions- als auch das Oxidationspotential beinhalten. Aufgrund der 

verringerten Bandlücke und Bandpositionen sind Oxynitride geeignete Photokatalysatoren für 

die solare Wasserspaltung und gehören zu den vielversprechendsten Materialien für von 

sichtbarem Licht angetriebene Wasserspaltung. Obwohl Oxynitride als vielversprechend 

angesehen werden, gibt es Probleme mit der Veränderung ihrer Oberfläche während der 

anfänglichen Betriebsbedingungen, wodurch ihre langfristige Effizienz eingeschränkt wird.
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In der ersten Hälfte dieser Arbeit werden LaTiOxNy-Oxynitrid-Dünnfilme verwendet, um die 

Oberflächenmodifikationen an der Fest-Flüssig-Grenzfläche zu untersuchen, die während der 

photoelektrokatalytischen Wasserspaltung auftreten. Mit SX-ARPES (soft-X-ray Angle-

Resolved Photoemission Spectroscopy) kann die elektronische Struktur der LTON-Oxynitrid-

Dünnfilmoberflächenschichten und die damit verbundene Veränderung während der 

Sauerstoffentwicklungsreaktion untersucht werden. Ex-situ-Neutronenreflektometrie und 

Röntgenabsorptionsspektroskopie mit streifendem Einfall wurden verwendet, um zwischen 

Oberflächen- und Gesamtprobe mit einer Oberflächenempfindlichkeit von 3 nm zu 

unterscheiden. Hier zeigen wir, dass entgegen der typischen Annahme, die A-Kationen die 

aktiven Stellen sind, die infolge des Wasserspaltungsprozesses an der Oberfläche oxidieren. 

Die B-Kationen unterliegen einer lokalen Störung, wobei der Valenzzustand unverändert bleibt. 

Diese Oberflächenmodifikation verringert die Gesamteffizienz der Wasserspaltung, wird 

jedoch unterdrückt, wenn die Oxynitrid-Dünnfilme mit einem Cokatalysator dekoriert werden. 

 

In der zweiten Hälfte der Arbeit führen wir mit einer speziell entwickelten 

photoelektrochemischen Zelle Röntgenabsorptionsspektroskopiemessungen am Oxynitrid-

Halbleiter, SrTaOxNy, während der photokatalytischen solaren Wasserspaltung durch. Wir 

zeigen, dass die A-Stelle (Sr) und ihre Entwicklung während des Betriebs große Auswirkungen 

auf die Gesamtstabilität und katalytische Aktivität des Materials haben, was zu einer 

Anreicherung von BO2 (Ta (OH) / TaO (OH)) an der Oberfläche führt. Dieser normalerweise 

vorteilhafte Effekt in Bezug auf eine erhöhte Oberflächenhydrophilie hat jedoch einen 

negativen Einfluss auf die Effizienz des photokatalytischen Prozesses, da sich aus den  

gebildeten OH- und O (OH) -Zwischenprodukten zu Beginn der Wasserspaltung NOx-Spezien  

formen, die mit der O2-Erzeugung konkurrieren. 
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1.1. Motivation 

 

With increasing global population numbers and increasing living standards, as nations become 

more developed. This has resulted in the annual increase of global energy demands by ca. 1.7% 

over the last decade1. In 2017, the total energy consumption was ca. 17.9 terawatts (TW) and, 

expected to rise to ca. 22-23 TW by the year 2030-2040.1, 2 In itself, it is not a problem; however, 

the majority of this demand is sustained using pre-existing technology developed during the 

industrial revolution in the 19th century and by non-renewable fossil fuels (coal, oil, gas, 

nuclear). Although effective, these fossil fuels are finite, therefore, for long-term sustainability, 

alternative energy sources are required. To highlight this, Fig. 1.1a includes the estimated total 

reserves (TW) for coal (900), oil (240), gas (215) and nuclear (90-300).
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These technologies are also polluting,3 evidenced by the rise in CO2 levels in the atmosphere4, 

mitigating to climate change.5 The increases in inner city air pollution and its adverse effects 

on public health.6 Bearing these factors in mind, the need for finding alternatives that are able 

to supply the global energy demands in a clean and a more sustainable way is crucial for long-

term sustainability.  

 

Long-term sustainability requires the independence from the reliance on fossil and nuclear 

fuels. Fig 1.1 summarises the alternative and sustainable technologies for the production of 

green energy, chemicals and their potentials. Examples of which include in no particular order: 

hydro, wind, tidal, biomass and geothermal (annual potential given in TW). The potentials 

though are relatively small individually, compared to global energy demand (17-23 TW per 

year). Therefore, these would all be required in parallel, in combination with fossil fuels to 

bridge the gaps.  

 

We can however, see the huge potential in the utilisation of solar energy. The total potential of 

173,000 TW is the continuous rate reaching the surface of the earth (part b). Which is, 10,000 

times greater than the world energy consumption in 2018. Signifying, huge untapped potential 

to not only, meet the rising energy demands, but also provide an alternative to the combustion 

of fossil fuels entirely. Fig 1.1 highlights various means by which solar energy can be utilised 

(parts c-g). In part c, solar thermal applications,7 utilise the solar energy in the form of heat. 

Reflective panels concentrate the solar energy to heat water or, drive electricity generating 

water turbines. Parts d-e include silicon and dye-sensitised based solar cells used in the direct 

conversion of solar energy to electricity (photovoltaic)8. Solar cells are currently considered the 

most promising approach for utilising solar energy9. However, these noteworthy technologies 

are not without their limitations. Due to the intermittent nature of the sun, these direct 

conversion processes are limited to the hours of daylight available.  

 

As an alternative, solar energy can be stored in the form of chemical energy,10 where it can be 

used as required. One promising solar fuel source is the clean energy carrier hydrogen, which 

can be harvested using solar energy to split water into molecular O2 and H2.
1, 2, 11, 12 (Fig. 1.1g).  



Chapter 1: Introduction 

 

11 

 

 

 

Fig. 1.1. (a) comparison of solar energy with other energy sources, (b) worldwide mean solar 

irradiance variation, (c) solar thermal plant, (d) silicon photovoltaic (PV) panels and wind 

turbines, (e) Dye-sensitised  solar cells (DSSC), (f) biofuel production – bioethanol from corn, 

(g) photoelectrochemical water splitting for solar hydrogen production. Reproduced from Ref2. 
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1.2. Solar water splitting 

 

To dissociate water into molecular H2 and O2 is energetically unfavourable, and requires a 

standard free Gibbs energy change of +237 kJ mol-1, corresponding to 1.23 V per electron.13 

Overall water splitting (Eq.1) can be separated into two half reactions, the hydrogen evolution 

reaction (HER) and the oxygen evolution reaction (OER), given by Eq. 1.2 and 1.3, 

respectively.  

 2𝐻2𝑂 → 2𝐻2 +  𝑂2  (1.1) 

  

4H+ + 4𝑒− → 2H2  
 

(1.2) 

 

 2H2O → 4ℎ+  + O2 +  4H+  (1.3) 

 

By applying a voltage (1.23 V) between two-electrode materials, it is possible to overcome the 

energy requirements to dissociate water molecules in the process known as electrolysis, 

depicted in Fig. 1.2. Where, the HER and OER proceed on the surface of the cathode and anode, 

respectively.  

 

Fig. 1.2. Electrolysis of water. Adapted from Ref14 
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1.3. Overpotentials  

 

As previously discussed, the theoretical minimum applied potential for overall water splitting 

corresponds to 1.23 V. However, an overpotential is usually required greater than 1.23 V. This 

is due to thermodynamic losses, which reduce the cells voltage efficiency. Therefore, in reality, 

cell voltages of 1.8 V - 2.4 V in some cases can be required to efficiently dissociate water into 

molecular O2 and H2.
15 Eq. 1.4 describes the overpotential, η, for a cell. Defined as the 

difference between the actual cell potential, E, and the reversible cell potential, Er. 

 

 𝜂 = 𝐸 − 𝐸𝑟  (1.4) 

 

The overpotentials are either positive or negative, depending on the process (oxidation and 

reduction, respectively). The reactions influence the overpotentials, however, effects such as 

the resistance of the electrodes and electrolyte as well as, mass transfer limitations all contribute 

to the overall inefficiencies of the cell (overpotentials).16 

 

1.4. Photoelectrochemical water splitting 

 

The conversion of solar energy into hydrogen via the water-splitting process assisted by 

semiconductor (SC) catalysts is a promising route to generate a clean, low cost and renewable 

energy source. In photoelectrochemical (PEC) water splitting, SC photocatalysts utilise solar 

light energy to generate electron/hole pairs. After reaching the surface, in contact with water, 

these charge carriers can be used to dissociate water molecules directly into molecular hydrogen 

and oxygen17 according to Eq. 1.2 and 1.3, respectively.  

 

Under light irradiation (photons) with energy greater than or equal to that of the bandgap (Eg), 

the photons are absorbed and electrons are excited from the valance band (VB) to the 

conduction band (CB) forming electron-hole pairs (e- - h+) as depicted in Fig. 1.3.  
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Fig. 1.3. Schematic representation of the photoexcitation 

 

1.5. Requirements for semiconductor photocatalysts 

 

The OER is complex, as it is a four-step reaction with each step involving the transfer of an 

electron (Eq. 1.1-1.3). Compared to the HER which requires two electrons, the OER is the 

kinetically more sluggish of the two half reactions and the bottleneck for overall efficient water 

splitting.18 

 

In reality, there are significant overpotentials (as previously discussed) with respect to the 

ohmic resistance, the OER and, the overpotentials related to the semiconductor photocatalyst 

(anode/cathode for HER). Where, the overpotentials are ca. 0.46 eV higher than the theoretical 

minimum for overall water splitting (1.23 V). Therefore, an ideal semiconductor should have a 

Eg which lies in the range of ca. 1.6 – 2.4 eV19, which corresponds to a photon wavelength 

range of ca. 515-775 nm.  Where the energy of a photon is given by: 

 

 
𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑣 =

ℎ𝑐

𝜆
  

(1.5) 
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Where E is the energy, h represents Planck’s constant, v the frequency of light, c the speed of 

light and λ, the wavelength. For a photon to be absorbed Ephoton  must be equal to or, greater 

than the Eg of the SC photocatalyst.  

 

Not only should the bandgap be of sufficient size, the band positions; that is the conduction 

band minimum (CBM) and the valence band maximum (VBM), should incorporate, both the 

hydrogen (H+/H2) and oxygen (O2/H2O) evolution redox potentials, respectively. For water 

reduction, the CBM must be at a potential lower than 0 V (H+/H2) vs. the normal hydrogen 

electrode (NHE). Whereas, for water oxidation, the VBM must be at a potential higher than 

1.23 V (O2/H2O) vs. NHE (Fig. 1.3).20 The SC themselves must also be chemically and 

structurally stable in the reaction, in this instance, an aqueous environment. Where in strongly 

basic or acidic aqueous electrolytes, in conjunction with the generated charge carriers which 

are not consumed in the water splitting reactions, can lead to photocorrosion of the 

semiconductor surface under operation conditions.21  

 

 

1.6. Semiconductor photocatalysts 

 

The discovery of electrochemical splitting of water was first observed in the 19th century22 but 

it was not until the late 20th century (1972) that photochemical splitting of water into hydrogen 

and oxygen using titanium oxide (TiO2) irradiated under ultraviolet (UV) light was first 

observed by Honda and Fujishima.23 In the past several decades since the now termed Honda-

Fujishima effect was first demonstrated, extensive research in this field has been targeted at 

trying to find suitable and efficient water splitting photocatalysts on which the development of 

cost-effective and state-of-the-art technology could be based.24  

 

Due to their relatively earth abundant, low-cost constituent elements, metal oxides have been 

investigated thoroughly since this discovery. The position of the VBM depends on the 

occupancy of the d band of the transition metal, where the VB maximum (VBM) must be higher 

in potential than the redox potential for oxygen evolution (1.23 V vs. NHE, Fig. 1.3) for the 
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material to be considered a possible candidate. Examples of d0
 transition metals with an empty 

d band would include Ti4+, Zr4+, V5+, Nb5+, Ta5+ and W6+
. For d10 materials with a filled d band 

would include Ga3+, In3+, Ge4+, Sn4+, Sb5+. Where the VB in both cases would be comprised of 

the O 2p states hybridised with the A cation and B cation states. The CB states for the materials 

with d0 electronic structure would primarily consist of the empty 3d-5d orbitals of the 

constituent cations. For those with a d10 electronic structure the d band would be filled (VB) 

therefore, the CB states would consist of the hybridised orbitals of the empty s and p states. A 

summary of materials and their respective band positions are summarised in Fig. 1.4.25 The 

materials are aligned to the vacuum level, with the redox potentials (vs. NHE pH = 0) for water 

splitting are shown by the dashed black and red lines at 0 and 1.23 V, respectively. The blue 

and green columns portray the CB and VB states, respectively. The individual black and red 

lines represent the self-reduction and self-oxidation potentials, respectively. The materials are 

stable if the self-reduction potential of the black line is more negative than the H+/H2 redox 

 

 

Fig. 1.4. The band positions of various semiconductors relative to the NHE and aligned to the 

vacuum level for a more accurate comparison between materials. pH = 0, 298.15K, 1 bar 

Reproduced from Ref.25 
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potential (0 V vs. NHE) or the CBM. The same is true for the opposite in the case of self-

oxidation, the self-oxidation potential (red line) should be more positive than the O2/H2O redox 

potential (1.23 V) or the VBM. With this information, it is observable that a number of materials 

in Fig. 1.4 are therefore, unsuitable for water splitting due to the unfavourable alignment of 

their respective band positions and/or self-reduction/oxidation potentials.  

 

In the hunt for potential photocatalysts, non-oxide SCs have been investigated (Fig. 1.4 Si, 

CdSe, CdTe and CdS as examples). However, stability is the main drawback for these materials 

due their susceptibility to photocorrosion.26 Where for example, it was found that, the S2- ions 

are more susceptible to oxidation than water.27 Several approaches have successfully looked at 

ways to prevent/suppress the aforementioned degradation in the non-oxide SCs.26, 28, 29   

 

We can see on the left-hand side of Fig. 1.4, that the majority of materials suited for the OER 

are wide band gap oxides.  Due to their highly ionic nature, it results in a large separation 

between the CB and VB states. Therefore, many oxides tend to exhibit large bandgaps (Eg > 3 

eV), limiting their photo-response to the UV region of the solar spectrum17, 30 (Fig. 1.5). The 

spectral irradiance as a function of wavelength is included in Fig. 1.5b.31 A number of factors 

can affect the intensity, such as; the time of day, year (season), cloud coverage, altitude as well 

as, latitude and longitude (Fig. 1.1b). From part b, we can also observe that not all of the 

radiation reaches the surface of the Earth. Where, considerable amounts are either absorbed, 

reflected or scattered in the upper atmosphere. Therefore, UV light only contributes to a small 

fraction of the total solar spectrum, where ca. 42% consist of visible light and ca. 50%, infrared.  

The oxide photocatalysts that are active for overall water splitting possess a bandgap energy, 

Eg, which is too large to absorb visible light. For example, the bandgap of ZnO is ca. 3.4 eV 

(Fig. 1.4) which corresponds to a wavelength of ca. 365 nm. Therefore, ZnO and other wide 

bandgap oxides like it are limited in their photo-response. That said, significant progress has 

been made during the investigation of many oxide materials for their suitability as 

photocatalysts, examples include, but not limited to: NiO32, ZnO33, 34; Cu2O
35, BiVO4

36, 37, 38, 39; 

WO3
40, 41, 42 and Fe2O3..

43, 44  
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Fig. 1.5. (a) wide bandgap oxide semiconductor, (b) spectral irradiance of the sun, reproduced 

from Ref.31 

 

The oxide materials: WO3, BiVO4, and Fe2O3 possess slightly smaller bandgaps compared to 

those of say TiO2, KTaO3, BaTaO3, SrTiO3 (Fig. 1.4.). Where the bandgaps for WO3, BiVO4, 

and Fe2O3 are ca. 2.6 eV (475 nm), 2.4 eV (515 nm) and 2.2 eV (560 nm), respectively. These 

ranges correspond to the visible light range (Fig. 1.5b) therefore, these oxide materials can 

utilise a greater total percentage of the solar spectrum compared to the wider bandgap oxides.  

However, looking at Fig. 1.4, these materials cannot reduce protons at the surface to produce 

hydrogen, even when absorbing visible light. This is due to the fact that, their CBM (blue) 

and/or the self-reduction potentials (black lines) are more positive than the hydrogen evolution 

potential (H+/H2). Therefore, since these materials are not able to accomplish overall water 

splitting (Fig. 1.6a17), they are only suitable as photoanodes, to study the OER (one half of the 

water splitting process).  

 

For the OER the wide bandgap oxides can be employed as photoanodes (part c). To enable 

water splitting using these oxides as an example, requires an additional semiconductor material 

connected in series in a Z-scheme, suitable for hydrogen evolution (part b and e). Where two 

photocatalysts are connected to a redox mediator (Ox/Red), suspended in the electrolyte (part 

b). The Z-scheme involves twice the number of photons (hv) required for single excitation water 

splitting (part a). As previously discussed in section 1.4, in PEC water splitting, the SC 

photocatalysts utilise solar light energy to generate electron/hole pairs (e-/h+). The photoexcited  
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holes accumulate on the surface of the SC and, subsequently consumed in water oxidation 

(according to Eq. 1.3). Whilst, the photoexcited electrons travel via an external circuit, 

transferred to a counter electrode (part c) and, subsequently consumed in water reduction (Eq. 

1.2). The opposite case is also true when employed as a photocathode (part d). 

 

 

 

 

Fig. 1.6. Energy diagrams of photocatalytic water splitting based on (a) one-step excitation and 

(b) two-step excitation (Z-scheme); and PEC water splitting using (c) a photoanode, (d) 

photocathode, and (e) photoanode and photocathode in tandem configuration. The band gaps 

are depicted smaller in (b) and (e) to emphasize that semiconductors with a narrow band gap 

can be employed. Reproduced from Ref17 
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1.7. Perovskite photocatalysts 

 

The ideal perovskite structure is cubic and has the general formula, ABX3, where the A cation, 

is typically larger than the B cation and exhibits 12-fold coordination with the oxygen anions 

(in this case X). The B cation, exhibits 6-fold coordination where the B cation sits at the centre 

of the BO6 octahedra45, as seen in Fig. 1.746 on the top left hand corner sharing site. The 

perovskite structure can be modified doping at the A and/or B site. However, as the ions possess 

different sizes and charges, suitable choices must be made to retain the ABX3 structure. The 

most typical substitutions are two different but similar ions incorporated into the B site, 

resulting in the general formula of the perovskite changing to AB0.5B
’
0.5O3. If the charge of the 

two cations, B and B′ are different, the octahedral symmetry can be preserved, however, the 

system would become disordered resulting in the oxygen anions (blue circles) shifting towards 

the cations in the centre of the unit cell. Deviations from the ideal cubic structure is also 

possible, with orthorhombic47, tetragonal48 and monoclinic49 perovskites known (but not 

limited to).  

 

 

 

Fig. 1.7. ABX3 perovskite structure. Reproduced from Ref.46 
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Among some of the most effective photocatalysts are perovskite and perovskite-related 

oxides.45, 50 Explained by the fact that, they provide compositional and structural flexibility51, 

therefore, provide opportunities to achieve higher catalytic activity52 and increased sunlight 

absorption capabilities.53In conjunction with, control over the magnitude of the bandgap and 

band edges with respect the redox potentials for water splitting.54, 55Some further examples 

include SrTiO3
56, La1-xSrxCoO3-δ

57 and Ba1-xSrxCo1-yFeyO3-δ
57, 58, 59. Where doping of these 

materials leads to increased catalytic activity, chapter 5 covers this in more detail.  

 

1.8. Oxynitride photocatalysts 

 

Perovskite oxynitrides are a promising class of SC materials for solar light driven water 

splitting. These materials have the general formula ABO3-xNx. Examples of known A and B 

cations include La3+, Sr2+, Ba2+, Ca2+, and Ti4+, Ta5+, or Nb5+, respectively. The substitution of 

N into the O site of the precursor oxides affects the energy position of the band edges60, 61, 

reducing the band gap down to the visible light energy range (Fig. 1.8). Moreover, in this class 

of compounds, the photogenerated electrons and holes both possess enough energy to promote 

the hydrogen and oxygen evolution reaction, respectively. 

 

Fig. 1.8. Bandgap engineering with nitrogen substitution 
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One of the most promising and explored oxynitrides is the photocatalyst LaTiO2N (LTON) with 

a bandgap of ca. 1.9-2.1 eV.61, 62 Therefore, responsive in the visible region (Fig. 1.5b) unlike 

its wide bandgap parent oxide La2Ti2O7. The assumed oxide, LaTiO3 is not stable naturally for 

reasons explained in chapter 2.    

 

Most studies to date, regard to oxynitrides in the form of powders, 30, 63, 64 since powder 

development and optimisation is the primary way to device design and engineering. Depending 

on the nitrogen content and, choice of preparation method, can significantly influence the 

morphology and light absorption properties of the oxynitride photocatalyst powders.65 

However, specific material properties cannot be probed with powder samples, including studies 

of the electrode-electrolyte interface where the water splitting reaction take place. The 

polycrystalline oxynitrides powders do not provide any well-defined surfaces to allow the 

detailed studies of the solid-liquid interface where the PEC reactions take place. For that reason, 

thin films are ideal model systems, which allow the investigation of the surface and interface 

properties. 

 

 

1.9. Oxynitride thin films 

 

To study the physicochemical evolution of the surface of the oxynitride photocatalysts requires 

the use of oxynitride thin films as model systems. Thin films provide clear advantage over the 

corresponding powders, owing to the fact; they offer relatively wide, atomically flat, and a well-

defined surface, where one can more easily distinguish between the surface and the bulk of the 

material (Fig. 1.9a).65, 66 With respect to powders, decreasing the radius size does increase the 

surface area-to-bulk ratio, however, any measurements would still represent an average of the 

contributions from the surface and the bulk (Fig. 1.9b). The growth of oxynitride films using 

pulsed laser deposition (PLD)67 and pulsed reactive crossed beam laser ablation (PRCLA)68, 69 

permit the growth of oxynitride thin films with different crystalline properties, crystallographic 

orientation and tuneable nitrogen contents. 
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Fig. 1.9. (a) TEM cross-section of oxynitride thin film, adapted from Ref66 , (b) SEM for 

CaNbOxNy oxynitride powders, reproduced from Ref.65  

 

Literature pertained to LTON thin films for water splitting remains limited to date.62, 70, 71, 72, 73 

The following references are summarised for their contributions to date; Le Paven-Thivet et 

al71 grew LTON films by reactive radio frequency sputtering74 on Nb-doped, Nb:SrTiO3 single 

crystal substrates. Which were then subsequently decorated with an IrO2 co-catalyst and 

evaluated as photoelectrodes for water splitting. The authors compared polycrystalline, oriented 

and epitaxial LTON thin films and concluded that the epitaxially grown sample peformed 

better. With the PEC peformance of the films improving in line with the crystalline quality of 

the films. The authors also noted that the polycrystalline films contained higher nitrogen 

contents compared to their epitaxial counterparts, yet the epitaxial films showed superior 

peformance. The authors also observed a degredation in their initial peformance which they 

attribited to the surface oxidation of the LTON films and/or the dissolution of the IrO2 co-

catalyst particles from the surface.   

 

Marozau et al73 established the foundations for LTON thin films grown by PRCLA onto non-

conductive single crystal substrates (MgO and LaAlO3). However, as the template substrates 

were non-conductive the PEC performance of these LTON thin films were not investigated.  
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Pulsed reactive crossed beam laser ablation (PRCLA) is a modified version of pulsed laser 

deposition first described by Willmot69 and a schematic of the process is given in Fig. 1.10. It 

is an effective technique to control the chemical activity of the plasma species (depends on 

choice of AT material) and background molecules (reactive gas) during the PLD process. 

 

 

Fig. 1.10. Upper panel: schematic diagram of the principal of PRCLA. PV = pulsed valve; AT 

= ablation target; AE = adiabatic pulsed expansion; AP = ablation plume; IR = interaction 

region; SH = substrate heater; dVA = distance from pulsed valve nozzle to point of ablation on 

target. ∆t is the adjustable delay between the pulsed valve trigger and laser trigger. Lower panel: 

the visual effect of crossing a gas pulse with an ablation plume for a Cu plasma and an N2O gas 

pulse. The left-hand image shows the appearance of the plume propagating into vacuum or 

when ∆t is set so that the plume and gas pulse “miss” each other temporally. The right-hand 

image shows the increase in plume brightness due to its collisional excitation in passing through 

the densest part of the gas pulse. If one uses a constant background pressure of 20 Pa instead of 

a pulsed expansion, the plume also becomes brighter, but it is more localized around the point 

of ablation because of quenching. Reproduced from Ref.69 
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Rather than using a constant background pressure (gas) as common in conventional PLD, in 

PRCLA, a gas pulse with a reactive gas (NH3 in the case of oxynitrides), synchronized with the 

laser beam (∆t and PV), is injected into vacuum or a low background pressure near the ablated 

area of the target (AE). Where upon expansion, it interacts with the generated plasma plume 

(AP). Resulting in increased physicochemical interactions between the gaseous environment 

and the plasma species.  

 

With respect to the oxynitride thin films, PRCLA allows the growth of films with higher 

nitrogen contents when injecting synchronised pulses of reactive gas (NH3), rather than a 

continuous flow/background environment. This is also true for films grown by traditional PLD 

under a N2 background.  

 

Pichler et al72 successfully grew LTON model thin film systems incorporating a TiN-buffer 

layer. They found that the TiN seed layer can not only be used as a current collector for PEC 

measurements, but it also provides a very good template for the growth of a number of 

oxynitride films62 making the deposition process more stable (controllable). Whilst also 

increasing N content in comparison to oxide substrates. An example of the oxynitride – TiN 

thin film multilayer structure is included in Fig. 1.9a. This work then led to the growth of a 

number of oxynitride thin films grown by PRCLA61, 62, 70, also setting the groundwork for the 

thin films used in this work.  

 

Pichler et al70 continued to explore the PEC performance of LTON thin films and initially 

investigated the physicochemical evolution of the surface previously reported by Le Paven-

Thivet et al. The authors include X-ray photoelectron spectroscopy (XPS) data where they 

conclude that the detrimental surface evolution is a result of the oxidation of Ti3+ and nitrogen 

is partially depleted in the lattice position during operation. The authors also note that 

crystallographic quality and orientation have large impacts on the PEC performance of the 

LTON thin films. Showing that the highly orientated films show a 5-fold increase in efficiency 

compared to their polycrystalline counterparts.   
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Haydous et al62 compared LaTiOxNy, BaTaOxNY and, CaNbOxNY thin films photocatalysts 

grown by PRCLA with their corresponding powder counterparts. The authors noted that direct 

comparison of their PEC performances favours the oxynitride powders due to their increased 

surface area. However, when normalising the differences in surface area, with the aid of 

Brunauer–Emmett–Teller (BET) analysis. Due to the better crystalline quality and the grain 

morphologies, the oxynitride thin films can show improved charge carrier separation and the 

subsequent migration to the surface to be consumed in the OER.  

 

Information regarding the growth of the oxynitride thin films used in this work and their 

characterisations are included where relevant in chapters 2-5. 
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1.10. Scope of this work 

 

Despite the large contribution to the field of photoelectrochemical water splitting, there still 

does not exist a photocatalyst, capable of efficiently splitting water under visible light 

irradiation for practical, large scale, low-cost applications. To drive the advancement for the 

discovery of novel materials and the improvement of existing materials, that are able to fulfil 

all the requirements to allow efficient solar-to-hydrogen conversion, relies on the 

comprehensive understanding of the photocatalysts electronic structure and, its evolution over 

the photoelectrochemical (PEC) reaction. 

 

Perovskite oxynitrides are a promising class of SC materials for solar light driven water 

splitting. These materials have the general formula ABO3-xNx (where A can be La, Sr, Ba, Ca, 

etc., and the B site: Ti, Ta, or Nb for example). The substitution of N into the O site of the 

precursor oxides affects the energy position of the band edges, reducing the band gap down to 

the visible light energy range. Moreover, in this class of compounds, the photogenerated 

electrons and holes both possess enough energy to promote the hydrogen and oxygen evolution 

reaction, respectively. 

 

The work in this thesis aims to gain further insights into the electronic structure and its evolution 

of two promising oxynitride photocatalysts, LaTiOxNy and SrTaOxNy. With the following 

research questions pondered: 

 

▪ What are the changes in the electronic structure and oxidation states of the materials 

before, during and after PEC water splitting? 

▪ What roles do the A and B cations play during the water splitting process? 

▪ What degree of modification do the local atomic environments undergo? 

▪ What is the role nitrogen plays at the surface, where the reaction occurs? 

▪ Can the surface degradation be inhibited and long-term performance improved? 
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To answer these research questions: 

 

Chapter 2 elucidates the electronic structure of the LTON oxynitride thin film and, its associated 

evolution during the oxygen evolution reaction using a combination of soft-X-ray absorption 

spectroscopy (S-XAS) and soft-X-ray Angle-Resolved Photoemission Spectroscopy (SX-

ARPES). 

 

Chapter 3 takes this a step further to compare the surface and bulk evolution of the LTON thin 

film photocatalysts using a combination of neutron reflectometry and grazing incidence XAS 

(GIXAS). This chapter also builds the basis for the operando experimental platform in chapter 

5.  

 

Chapter 4 looks at X-ray Photoelectron Spectroscopy (XPS) data for the surface evolution with 

respect to the anions of LTON (O and N) the last two missing pieces of the puzzle. Since, 

information regarding O and N is not directly obtainable by SX-ARPES and not feasible with 

hard GIXAS, required to probe the A and B cations and for operando studies.  

 

Chapter 5 involves the design and fabrication of an operando reactor cell for GIXAS 

measurements on thin films at the solid liquid interface. Providing an experimental platform for 

future operando studies on thin films at the solid-liquid interface. Where we explore the surface 

evolution of SrTaOxNy oxynitride thin film using a combination of ex-situ XPS and operando 

GIXAS. 
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Chapter 2: Electronic structure of LaTiOxNy 

photocatalysts and their evolution 

 

 

 

 

 

 

 

 

 

2.1. Preamble 

 

This chapter uses a combination of soft-X-ray angle-resolved photoemission spectroscopy 

(ARPES) and X-ray absorption spectroscopy (XAS) to elucidate the electronic structure of the 

LTON oxynitride thin films. Followed by, its evolution with respect to the OER during PEC 

water splitting.  

The results in this chapter will submitted for publication by the following authors: Craig 

Lawley, Arian Arab; Anna Hartl, Aleksandar Staykov; Thorsten Schmitt, Max Döbeli; Daniele 

Pergolesi, Thomas Lippert; and Vladimir N. Strocov. Entitled: “Momentum-resolved electronic 

structure of LaTiOxNy photocatalysts by resonant soft-X-ray ARPES” (Manuscript in 

preparation).  
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Acquisition, V.S., and T.L.; Supervision, V.S., D.P., and T.L. 
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2.2. Introduction  

 

In several oxide materials, the substitution of nitrogen into the oxygen site leads to the 

formation of the corresponding oxynitride material.75 This substitution results in a 

significant reduction of the band gap, typically shifting the band gap from the ultra-violet 

region towards the visible light energy range.61, 76 Moreover, the edge positions of the 

valence band maximum and conduction band minimum for these oxynitrides are ideal 

for overall water splitting, as they incorporate both the water reduction and oxidation 

potentials.63 With a band gap lying in the visible-light energy range and suitably aligned 

band positions, the perovskite oxynitride LaTiO2N (LTON) is a promising photocatalyst 

for visible-light solar water splitting.70, 71, 77 

 

However, the surface of LTON initially evolves during operation conditions, limiting its 

long-term performance.66 The design and discovery of new materials able to sustain an 

efficient solar water splitting process would represent an enormous breakthrough for the 

storage of solar energy in the form of a clean and renewable fuel.1, 78 To drive this 

advancement for the discovery of novel materials and the improvement of existing 

materials, that are able to fulfil all the requirements to allow efficient solar-to-hydrogen 

conversion, relies on the comprehensive understanding of the photocatalysts electronic 

structure and, its evolution. 

 

The most direct experimental method to probe the electronic structure is angle-resolved 

photoemission spectroscopy (ARPES), where one measures the distribution of 

photoelectrons as a function of their kinetic energy Ek and, emission angle θ under 

irradiation of the sample by monochromatic photons with energy hv.79 While the electron 

momentum (k)-integrated electronic structure of oxynitrides has already been studied 

with X-ray photoelectron spectroscopy,80, 81, 82 no k-resolved information from ARPES 

experiments on these materials is available up to now. This can be explained by the fact 

that, standard ARPES in the VUV energy range has a probing depth of less than 0.5 

nm,83 which makes this technique extremely sensitive to surface contamination,
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unavoidably piling up during the ex-situ transfer of the as-grown sample to the ARPES 

experiment, destroying the k-conservation. Where k is the wave vector of the electron 

and related to the electrons’ crystal momentum and the wave velocity – pivotal in 

understanding the electronic structure of a material. 

 

In this work, we overcome this difficulty by using soft-X-ray ARPES (SX-ARPES) in 

an energy range of a few hundreds of eV, where the probing depth increases to a few 

nm, which ensures the k-conservation is less susceptible to surface contamination. 

Moreover, the SX-ARPES energy range covers the L-edges of the transition metals and 

M-edges of rare-earth elements, which are characteristic components of oxynitrides (Ti 

and La in LTON’s case, respectively). This will allow us to use resonant photoexcitation 

at the Ti L and La M edges, to complement the k-resolution of the ARPES experiment, 

by elemental and even chemical-state resolution.84, 85, 86 First, we will establish the k- 

and chemical-state-resolved electronic structure of LTON and, second, follow its 

evolution associated with photocatalytic reaction. 

 

2.3. Experimental Strategy  

 

Fig. 2.1a shows the geometry and schematic representation of a typical ARPES experiment. 

Here, monochromatic X-rays from a synchrotron source are incident on the oxynitride thin film 

at an incidence angle typically of 20° (accurate alignment is crucial for angle-resolved 

measurements) under ultra-high vacuum (UHV) conditions. As a result, electrons emit from the 

sample surface in all directions in vacuum, according to the photoelectric effect (Eq. 2.1). A 

hemispherical electron energy analyser with a finite acceptance angle range, measures the 

kinetic energies of the photoelectrons at given emissions angles, providing also the momentum 

of the escaped photoelectrons. In this case, the energy conservation yields the binding energy 

EB of these electrons back in the sample as: 

 𝐸𝐵 = 𝐸𝑘 − ℎ𝑣 − 𝑒𝜑 (2.1) 

 



Chapter 2: Electronic structure of LaTiOxNy photocatalysts and their evolution 

 

32 

 

 

Fig. 2.1. (a) Schematic of an ARPES experiment showing the photoemission geometry, (b) 3-

electrode configuration for the photoelectrochemical characterisations. 

 

Where EB, Ek, hv and eφ are the binding energy, kinetic energy, the photon excitation energy 

and the work function, respectively. Equally important for the photoabsorption process, 

involving direct transitions, is experimental information on the electron momentum k, of the 

valence states.  
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In the ARPES experiment on crystalline systems, the surface-parallel momentum, kxy is 

conserved and can be found as: 

 𝑘𝑥𝑦 = 0.5124 √𝐸𝑘 sin 𝜃-Pxy (2.2) 

 

Where pxy is the perpendicular photon-momentum component,  m is the free-electron mass and 

V0 the inner potential in the sample.  

 

In this work, SX-ARPES is utilised to measure a number of LTON oxynitride photocatalyst 

thin films in their as grown states and after the photoelectrochemical (PEC) characterisations. 

Where, SX-ARPES is able to elucidate the electronic structure of the LTON oxynitride thin 

film surface layers and, its associated evolution during the oxygen evolution reaction.  

 

 

2.4. LTON thin film morphology  

 

 

The LTON thin films were fabricated using a pulsed laser deposition technique described in 

previous works,72 followed by post annealing for 1 hour under a continuous NH3 flow for 1 

hour. The highly ordered oxynitride LTON films were deposited on titanium nitride (TiN) 

coated magnesium oxide single crystal (001) oriented substrates. Rutherford back scattering 

(RBS) and Elastic recoil detection analysis (ERDA) determined the chemical compositions of 

the LTON thin films as La1.03Ti0.97 O2.70N0.29. The experimental uncertainties for La and Ti are 

± 2% (RBS) and ± 7% for O and N (ERDA). The full results have been included in Fig. 2.2. 

The O:N ratio of ca. 10 is in line with previous examples of highly ordered oxynitride thin 

films, since there is a trade-off between the overall nitrogen content and crystalline quality,70 

where films with larger N contents tend to be more disordered. From parts a-b, it can be seen 

that the TiN buffer layer grows (001) epitaxially oriented on the MgO substrate. Where, the 

(002) reflex of TiN is visible as a shoulder on the side of the peak of the substrate. Part a also 
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shows that, LTON grows epitaxially on the TiN buffer layer72 where, the (hkl) reflexes (002) 

and (004) appear at the 2θ values 22.2° and 45.3°, respectively. The angular position of the 

(00l) reflexes of the perovskite LaTiO2N have been marked in blue as reference from the 

Inorganic Crystal Structure Database (ICSD). Both the (002) and (004) reflexes of the LTON 

thin film are slightly shifted to lower 2θ values compared to LaTiO2N. This is due to the 

combined effect of a difference in N content to the stoichiometric reference and, the crystalline 

 

 

Fig. 2.2. (a) XRD pattern of the epitaxially grown LTON film, the θ/2θ scan is shown in black, 

with the angular position of the (00l) reflexes of LaTiO2N shown in blue for reference. The 

inset shows the crystal structure of LaTiO2N, (b) zoomed region around the MgO substrate 

reflex for data shown in part a, (c) Rutherford backscattering (RBS) spectrum, (d) elastic recoil 

detection analysis (ERDA) spectrum. The cation ratios were determined by RBS and the O:N 

ratio by ERDA. 
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constrain (lattice mismatch between the substrate and film) induced by the TiN-coated MgO 

substrate. The perovskite structure of LTON remains stable, within a large range of N content. 

However, the cell parameters can significantly change since, the N content affects the B-O-B 

dihedral bond angle and ultimately, the overall distortion of the cell. 

 

 

2.5. LTON thin film PEC characterisations 

 

The photocatalytic conversion of solar energy into a clean, low cost, renewable fuel source can 

be realised by the splitting of water into molecular H2 and O2.
11,12 However, the water splitting 

reaction is an energetically unfavourable reaction, requiring a standard Gibbs free energy 

change of + 237.2 kJ mol-1 (1.23 eV per electron). Therefore, to produce H2 and O2 from water 

requires a light absorbing semiconductor (SC) photocatalyst to assist in the process (Fig. 2.3a). 

The SC material must possess a band gap larger than the theoretical minimum (1.23 eV), to 

account for kinetic overpotentials and, the band positions must be sufficiently positioned to 

account for the redox potentials for the hydrogen evolution and oxygen evolution reactions 

(HER and OER, respectively).13 

 

The oxynitride LTON, satisfies these criteria with a band gap of ca. 2.1 eV.87 The band gap is 

sufficiently large enough to absorb photons with energy ≥ 1.23 eV but is also responsive to 

visible light wavelengths (ca. 590 nm) unlike many of the wide-band gap oxide materials, which 

are responsive only to the UV part of the solar spectrum. Upon light irradiation (photons) with 

energy greater than or equal to that of the band gap, the photon is absorbed, creating electron-

hole pairs. The electrons are then, excited from the valence band (VB) to the conduction band 

(CB) where, they travel via the TiN electrical contact buffer layer to the Pt counter electrode 

(Fig. 2.3a). Where the electrons can directly reduce protons to form H2. The photogenerated 

holes left behind in the valence band migrate to the surface of LTON where, they are then 

consumed in the oxidation of water, generating O2. The reference electrode sets the 0 V 

potential and an increasing voltage bias is applied between the working and counter electrode. 

The electronic current (photocurrent) between the working and counter electrodes is then 
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proportional to the amount of H2 and O2 produced. The photocurrent is defined as the current 

response under light conditions after the subtraction of the current response under dark 

conditions (light on/off). Where LTON is employed as a photoanode (working electrode) to 

study the OER. A platinum counter electrode is used for the HER half reaction and, a Ag/AgCl 

reference electrode is used to control the applied potential on the working electrode. Parts b-c, 

show the photocurrent density vs. applied potential curves for the LTON oxynitride thin films 

used in this work. Where the photocurrent is normalised to the exposed surface area (cm-2). We 

can see that the surface of LTON initially evolves during operation conditions, limiting 

its long-term performance, reflected by the reduction is photocurrent density over 

successive linear sweeps, before the material stabilises.   

 

 

Fig. 2.3. (a) Energy diagram for photocatalytic water splitting, (b-c) photocurrent densities 

for LTON for the first four-potentiodynamic measurements. 
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2.5. SX-ARPES: Ti B cation  

 

First, we will follow the electronic structure of the Ti ions in the B site of the perovskite LTON 

(ABO2N). Fig. 2.4a shows the s-XAS spectra measured at the Ti L2 (460.2 eV) and L3 (453.8 

eV) edges. The L2 and L3 electronic transitions correspond to the photoexcitation from the Ti 

2p1/2 and Ti 2p3/2 states to the unoccupied Ti 3d states, respectively (Fig. 2.4d). The Ti 3d peaks 

before the PECR (blue) are split by the crystal-field (Δoct) into the t2g and eg states. After the 

PECR (red) the main peaks of L2 and L3 edges do not exhibit any change in position (energy), 

which suggest no change in oxidation state for Ti. However, the peak splitting is no longer 

resolved, suggesting disorder surrounding the absorbing Ti cation and a lowering of symmetry 

of the octahedra, likely due to vacancy generation, previously been shown for LTON by 

measured at the Ti K edge using hard X-ray grazing-incidence X-ray absorption spectroscopy 

(GIXAS).66 However, the K edge spectra are sensitive to 3d-4p orbital mixing. Here, the L 

edges involve electric dipole allowed transitions which, are insensitive to 3d-4p hybridisation 

and reflect the Ti d states, excluding multiplet effects.88 Vacancy generation should result in 

Ti3+ states which may contribute to the pre resonance small intensity seen at lower energies. 

However, due to the convoluted effects of the crystal field splitting, disorder, and multiplet 

effects. To try elucidate the extent of these changes, would require reference materials89 to be 

measured extensively and compared experimentally and theoretically.90   

With respect to the corresponding SX-ARPES data, the experimental maps of (angle-

integrated) resonant photoemission (ResPE) intensity as a function of EB and hv are shown in 

parts b and c, before and after the PECR, respectively. In the first approximation, neglecting 

the multiplet effects in the ResPE process,84, 85, 88, 91 the resonating intensity represents the 

admixture of Ti weight to the VB states, with those near the bottom and top of the VB being  
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Fig. 2.4 (a) Soft-XAS spectra for LTON showing the Ti L2 and L3 edge before and after the PECR, shown in blue 

and red, respectively, (b,c) Maps of angle-integrated ResPE intensity across the Ti L3 and L2 before (b) and after 

(c) the PECR. The solid white lines are the XAS spectra overlaid from (a). The white dashed line marks EF. (d) 

schematic representation of the transition of the L3 and L2 absorption bands, (e) graphic representation for the 

observed changes occurring to the band structure of the surface layers of the LTON photocatalyst, where hv, Eg 

and VBM denote the visible-light photons, the band gap and the VB maximum, respectively. 

 

derived from the O 2p and N 2p states, respectively, hybridised with the Ti states. The resonant 

intensity appears on top of a large non-resonant spectral contribution (in Fig. 2.4b, the intensity 

at ca. 452-454 eV). 

The XAS spectra (Fig. 2.4a) are overlaid to the ResPE maps in parts b and c as the solid white 

line, where the four XAS peaks correspond to the hotspots of the resonating intensity. After the 

PECR (Fig. 2.4c), the disorder considerably widens the XAS peaks and the resonating-intensity 
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hotspots in excitation energy. Moreover, after the PECR there is an increase in the L3 resonating 

intensity of the Ti – O2p states at the bottom of the VB. This may suggest creation of additional 

Ti – O 2p states and increased hybridisation between their respective valence orbitals. This 

observation would be in agreement with previous reports for perovskite oxynitrides with 

vacancy healing by O species under OER conditions20 and perovskite oxides, which exhibit 

increases in hydrophilicity and undergo surface reconstructions during the OER, resulting in a 

superficial enriched BOH/O(OH) surface layer and an increase in catalytic activity.92, 93, 94  

As previously described, upon the O to N substitution in LTON, N 2p states are introduced that 

lie higher in energy than the O 2p states, shifting the VB maximum (VBM) upwards and 

reducing the band gap (Fig. 2.4e). In the as grown sample (before the PECR), the VBM, which 

consists of Ti – N 2p states, is situated just below EF. After the PECR (Fig. 2.4c), the N 2p 

derived states deplete, which results in the apparent downward shift of the VBM to its new 

position at ca. -4.5 eV below EF. Furthermore, the resonating intensity near EF dramatically 

increases after the PECR, indicating that new states emerge in this energy region. Consistently 

with the downward shift of the VB, we conjecture that these states are split off the Ti-derived 

states constituting the CBM of LTON. It has been suggested that LTON has a direct bandgap95, 

which is line with previous reports for LaTiOxNy.
71 However, as this is usually inferred via UV-

vis spectroscopy96, 97, there are also reports for LTON through theoretical calculations 

suggesting it has both direct and indirect points.98 As it is not possible to observe the unoccupied 

states using ARPES, we are unable to experimentally determine whether LTON possesses a 

direct or indirect bandgap. That said, the emerging states split of the CBM suggest that we 

observe an indirect band gap for LTON.   
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The observed depletion of the VBM suggests that bulk N leaves the lattice structure. It remains 

however, interstitial/chemisorbed on the surface in the form of N2 and NOx species as 

corroborated by XPS data.70 As the surface-lattice N and the OER intermediates (OH/O(OH)) 

likely react in competitive side reactions,94, 99, 100, 101 it is possible that the increase in 

hydrophilicity and a superficial B(Ti)OH/O(OH) enriched surface layer, normally associated 

with the perovskite oxides, will have a more antagonistic role with respect to the oxynitrides. 

We now complement the k-integrated ResPE maps in Fig. 2.4 by high-statistics k-resolved 

measurements at the Ti L2 and L3 edges, providing direct information on the band dispersions 

and their evolution across the PECR (Fig. 2.5).   

 

Fig. 2.5. (a-b) Ti L3-edge high-statistics ARPES images acquired at hv = 465.3 eV before (a) and after (b) the 

PECR; (c) angle-integrated ARPES images from a-b, (d-e) the ARPES data from a-b represented in the second 

derivative -d2I/dEB
2 to enhance the band dispersions. The parallel Ti L2-edge data are included in Supplementary 

Fig. 3. 
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Parts a-b, presents the ARPES intensity images at the L3 edge (the results at the L2 edge are 

similar and are presented in the Supplementary) before and after the PECR, respectively, and 

kx describes the component of k- parallel to the surface of LTON. The resonance emphasises 

the O and N 2p states hybridised with the Ti states. To discriminate the band dispersions, the 

angle-integrated spectral intensity is subtracted in these ARPES images from the raw intensity. 

Furthermore, the parts d-e emphasize the spectral peaks using the negative second derivative -

d2/dEB
2 of the (Gaussian pre-smoothed) spectral intensity (with the -d2/dEB

2 < 0 values, having 

no direct physical meaning, set to zero). 

We observe significant dispersions of the VB states, in particular near the VBM. The very fact 

of k-dependent electron energies attests good crystallinity of our samples. The downward shift 

of the VBM after the PECR is associated with flattening of the electron dispersion in this energy 

region. The latter should be attributed to certain crystal-lattice degradation owing to the bulk N 

atoms leaving the lattice structure, mentioned above, giving another evidence to this stimulated 

diffusion process. We also note that the states near EF, which we have previously assigned to 

the Ti-derived states split off from the CBM, scale up in intensity after the PECR but also flatten 

their dispersion because of the crystal-lattice degradation. The high-statistics Ti L2 

measurements (Supplementary Fig. 2.9) show the same effect but with reduced resonating 

intensity, due to the relative strengths of the L2 and L3 transitions.  

 

Resonant SX-ARPES: Lanthanum A cation 

We will now follow the electronic structure of La ions in the A site of LTON. Fig. 2.6a shows 

the XAS spectra for LTON measured at the La M5 (836 eV) and M4 (853 eV) edges. These 
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involve the electronic transitions of the La 3d5/2 and 3d3/2 states to the unoccupied La 4f states, 

respectively (Fig. 2.6b). Due to selection rules102 the 3d > 4d transition is forbidden, as shown 

by the red arrow. The transition to the 4p state is allowed, however, this process has much 

smaller cross-section compared to the 4f resonance and is shifted into higher photon energies. 

The two main peaks in the 3d > 4f XAS spectrum of LTON arise due to spin-orbit coupling, 

with the spin-orbit splitting between the peaks being ca. 16.2 eV, in line with previous 

reports.103, 104 After the PECR, the splitting of these peaks increases slightly due to a reductive 

shift of the M5 peak in EB of ca. 0.1-0.15 eV (Fig. 2.6a), accompanied by an increase in its 

energy width, with the amplitude unchanged. The M4 peak also increases its width after the 

PECR, but its energy does not shift and has a notable increase of its amplitude. These changes 

can be explained by the partial covalence between the La 5d and O 2p states upon the formation 

of LaOx/LaOH at the surface. Here, La behaves as a transition metal, albeit a poor one. It retains 

partial d-electron (5d1) density, 66, 105, 106, 107, 108, 109 used in hybridisation and the partial 

covalence between the O 2p states. 

With respect to the corresponding SX-ARPES data, the maps of (angle-integrated) ResPE 

intensity are included in Fig. 2.6d-f. The resonant intensity enhancement for La is weaker 

compared to the Ti resonance (Fig. 2.5c and Fig. 2.6f) which is expected since the sites of O 

and N, forming the VB, are situated on the octahedral sites of the Ti cation. Interestingly though, 

we can see resonating spectral intensity just below EF, as also observed for the Ti resonance. 

This fact suggests that La 4f states hybridise with the N 2p ones forming the VBM, yet the 

majority of La resonant weight is contributed by the La – O 2p hybridised states lower in the 

VB. We note, however, that in the case of La the multiplet effects in ResPE88 are much more 

pronounced than for Ti, and the relation of the ResPE intensity to the La weight in the VB states 

becomes less direct. 
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Fig. 2.6. (a) Soft-XAS spectra for LTON showing the La M5 and M4 edges, respectively, (b) schematic 

representation of the transitions of the M4 and M5 absorption bands, (c) schematic representation of the La 

contribution to the band structure of LTON, (d) La resonance (angle-integrated) intensity map before PEC, (e) 

after PEC, (f) angle-integrated plots for data shown in parts d-e. 

 

Experimental vs theoretical Density of States (DOS) 

The experimental k-integrated DOS is qualitatively represented by off-resonant angle-

integrated ARPES spectra, albeit modulated by photoemission matrix elements depending on 

EB the binding and hv excitation energies. Fig.2.7, parts a and b presents such spectra measured 

just below the Ti L3 and La M5 resonances, respectively. The gross features of both spectra are 

the VB extending over the EB range from -9 to -3 eV, and a narrow band just below EF. The 
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spectral modulations in the VB region are however, different because of the matrix elements110 

depending on hv. 

The element-resolved partial DOS (PDOS) can qualitatively be determined from the ResPE 

angle-integrated spectra where, neglecting the multiplet effects,88 the resonant intensity 

difference relative to the off-resonant spectra represents the weight of the resonating element 

in the electron states.84, 85, 91 Such differential spectra for the Ti L3 and La M5 edges, representing 

the Ti and La partial DOS, respectively, are shown in Fig. 2.7c-d.  

To help our understanding of LTON's electronic structure and afterwards its evolution over the 

PECR, we will compare the experimental data with Density-Functional Theory (DFT) 

calculations (see Methods) for stoichiometric LaTiO2N. Fig. 2.7e shows, the calculated total 

and the PDOS for Ti, O, N and La, aligned to EF, with the work function calculated as 6.0 eV. 

The band gap of LaTiO2N is 1.9 eV, which is close to the experimentally reported values.75,62 

The calculations confirm the commonly accepted picture of LTON's electronic structure where 

the states near the VB bottom are formed mostly by O 2p atomic orbitals and near the VBM 

mostly by the N 2p orbitals. With the reservation for the matrix elements, the calculated total 

DOS is in a reasonable agreement with the experimental VB in Fig. 2.7a-b. Turning to the Ti 

PDOS hybridized mostly with the O 2p states, the calculations suggest its notable increase 

towards the VB bottom. This is confirmed by the experimental Ti PDOS derived from the 

ResPE data, Fig. 5c, that indeed scales up in this energy region. The calculated partial La PDOS 

is weighted towards the VB centre, which is also consistent with the ResPE results in Fig. 2.7d. 
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Fig. 2.7. Off-resonant angle-integrated ARPES spectra measured below (a) the Ti L3 edge (averaged over hv = 

452-454 eV) and (b) the La M5 edge (hv = 828-830 eV) representing the total DOS; Resonant weight (resonant 

minus off-resonant spectral intensity) at (a) the Ti L3 edge (hv = 460.2 eV) and (b) the La M5 edge (hv = 835 eV) 

representing the Ti and La partial DOS, respectively. The spectra (a-d) are measured before and after the PECR; 

Theoretical (e) total and partial DOS for LaTiO2N and (f) total DOS for LaTiO2N, LaTiO3 and La4Ti4O9N3, aligned 

to the fermi level. 
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There are however significant deviations of the experiment from the calculations: (1) the 

experimental VB in Fig. 2.7a is deeper in EB by ~1.5 eV, and (2) there is a narrow band just 

below EF which, according to the Ti ResPE data in Figs. 2.4b-c and the derived Ti PDOS in 

Fig. 2.7c, has a large Ti weight. These observations can be reconciled with the theory if EF 

shifts upwards into the Ti derived CB. This means, however, that the surface layer of our LTON 

sample, probed in our ARPES experiment, should be metallic. With the intrinsically 

semiconducting bulk of LTON, the presence of such a metallic surface layer identifies a 

downward band bending towards the surface.  

 

Electronic structure evolution across the PECR 

Consistently with the previous works,70, 111, 112, 113 our DFT calculations confirmed by the 

experimental ResPE data have shown that the VBM just below EF is comprised of the Ti and 

La states hybridised with the N 2p ones, whereas in the bottom of the VB these states hybridise 

with the O 2p ones. The angle-integrated ARPES intensity for the above high-statistics 

measurements at the Ti L3 edge are included in Fig. 3c. Here, it is easier to follow the evolution 

of the DOS in LTON and the changes with respect to the OER. Confirming our observations in 

the ResPE maps in Fig. 2.4b-c, we observe an increase in the total resonating intensities after 

the PECR which suggests creation of additional O 2p states or a greater degree of hybridisation 

in the bottom of the VB. We also observe the downward shift of the VBM due to the loss of 

lattice N at/near the surface of LTON under OER conditions. The same two effects can also be 

observed in the La ResPE map and the angle-integrated plot, shown in Fig. 2.6 parts e and f, 

respectively.  
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In Fig. 2.7, we compare the Ti (c) and La (d) resonant contributions, representing the weight of 

the Ti and La hybridised states in the VB of LTON, before and after the PECR. After the PECR, 

we can see the depletion of the La and Ti weight at the VBM. We attribute this evolution of the 

spectra to the partial loss of lattice N at the surface during the OER, whereby the La N 2p and 

Ti N 2p states partially depleted.  

For comparison with the evolution of LTON after the PECR, in Fig. 2.7f we compare the 

calculated total DOS for the stoichiometric LTON with that for the unstable LaTiO3 (LTO) and 

the anion-deficient defect structure La4Ti4O9N3 (D-LTON). For the sake of clarity, only the 

spin-up contributions have been included in this comparison (the total DOS for LTO and D-

LTON are included in the Supplementary Fig. 2.8). These materials were chosen with their 

respective elemental compositions to reflect possible trends to the electronic structure of LTON 

upon the loss of nitrogen and the creation of anion vacancies and/or changing the O/N content, 

as suggested by the SX-ARPES data evolution over the PECR. To more accurately compare 

the three materials, the energy scale of their DOS was aligned to the EF level (energy = 0 eV). 

We note that the DOS of LTO and D-LTON show that EF of these materials lies in the CB, 

which is composed of anti-bonding states. Their occupation is unfavourable, because it would 

destabilise the lattice, resulting in its reorganisation. Usually, such reorganisations proceed via 

phase transformations or due to vacancy formation, which explains why LTO does not exist 

naturally. Furthermore, we note that both LTO and D-LTON are spin polarised since Ti has the 

formal charge 3+ in LTO, whereas D-LTON is a non-stoichiometric material (the spin-up/spin-

down decomposition of their DOS is given in the Supplementary). 

Comparing the total DOS in Fig 2.7f, we can see that the partial or total loss of N in the anion-

deficient D-LTON or in the unstable LTO shifts the VBM downwards in energy, as we observe 
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experimentally. This further suggests that during the OER, the O/OH- intermediates are 

involved in the photocatalytic formation of nitrate and nitrite species from the surface lattice N 

atoms94, 99, 101 whereby they leave the lattice and remain chemisorbed on the surface in the form 

of NOx species.70 This effect is consistent with the observed suppression of electron dispersions 

in the CB near the EF. Furthermore, we conjecture diffusion of O atoms to heal remnant oxygen 

vacancies into LTON, generated upon loss of nitrogen from the lattice structure, from the O* 

and OH- reactionary intermediates generated during the OER.114 This is consistent with a slight 

increase of the VB intensity in the off-resonant spectra, Fig. 2.7a and b, after the PECR. 

However, we see for the resonant weighted contributions for Ti and La (Fig. 2.7c-d), that La 

shows increased resonating intensity in the bottom of the VB. Which, suggests increased La – 

O 2p hybridisation. Whereas, those for Ti decrease in the bottom of the VB. This can be 

explained by the fact that many of these oxides and oxynitride SCs exhibit a preferential AO 

surface termination (LaO in the case of LTON) as experimentally determined by low energy 

ion spectroscopy (LEIS).93, 115, 116, 117 The B cation, usually a transition metal cation acting 

traditionally, as the active site for oxygen evolution, would be hidden below the first atomic 

surface layer. Therefore, surface oxygen/nitrogen vacancies, would expose the underlying 

transition metal cations. 

Previous calculations for LaTiO2N
118 have also suggested that the more oxygen added to the 

La-O surface layer, the more the SC is self-doped with electrons (accumulation) filling the 

empty Ti 3d states. We see certain evidence of this effect in the La resonant spectrum (Fig. 

2.7d) which shows increased O hybridisation, whereas, the Ti resonant spectrum (Fig. 2.7c) 

shows an increase of the Ti 3d weight at the EF after the PECR. It was also suggested in the 

same work118 that the evolution of the surface results in a geometrical configuration where two 
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N atoms leave the Ti layer and move to the La surface layer, resulting in a more stable 5 

coordinated Ti configurations.  

Previous work66
  suggests that LTON undergoes a surface reconstruction with Ti showing signs 

of vacancy generation (resulting in an under-coordinated Ti) with the charge surrounding Ti, 

conserved. Usually, such reorganisations proceed via phase transformations or due to vacancy 

formation. When the EF of a material lies in the CB (Fig. 2.7f), which is composed of anti-

bonding states. Their occupation is unfavourable, because it would destabilise the lattice, 

resulting in its reorganisation. Resulting in a surface layer that becomes more metallic in nature 

seen by the downward band bending in this work.  

The downward band bending is contrary to our expectations, due to the fact that LTON is an n-

type SC material where upward band bending would typically be assumed.119, 120 This 

contradiction has also been observed for ZnO which exhibits downward band bending at the 

ZnO/air interface and after vacancy generation due to preferential O sputtering in vacuum by 

ion bombardment.121 Which, would mean for the photoanode LTON, instead of the formation 

of a depletion layer and upward band bending, as typically assumed, LTON forms an 

accumulation layer (accumulation of electrons) and exhibits downward band bending.  

 

Conclusion 

In this work, we have determined the electronic structure of the oxynitride LTON photocatalyst 

resolved in k- and elemental character of the electronic states, and monitored its evolution 

through the PECR. Whereas no such information regarding oxynitrides existed to date, crucial 

to achieve it in the present study have been the k-resolution, enhanced probing depth and 
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elemental/chemical-state specificity of synchrotron-radiation based SX-ARPES. By combing 

the SX-ARPES results with the DFT calculations, we have established that the bottom of the 

VB consists of La and Ti states hybridised with the O 2p states, whereas the top of the VB 

consists of both La- and Ti – N 2p states. Furthermore, we have identified the effect of disorder 

and downward band bending at the surface of LTON.  

Not only have we determined the electronic structure of the LTON photocatalyst, but also 

monitored its evolution caused by the OER.  After the PECR, we observe (a) the depletion of 

Ti- and La-N 2p states, (b) disorder in the local environment of Ti, likely due to O/N vacancy 

generation, (c) the creation of additional La - O 2p states in the VB, and (d) the formation of an 

electron accumulation layer in the surface region, exhibiting downward band bending. Along 

with the disorder and defects associated with Ti 3d states, the latter would lead to the trapping 

of electrons and charge recombination. Therefore, SX-ARPES has been able to confirm this 

effect as one of the major limitations for the oxynitride LTON's functionality.  

Passivation layers and co-catalysts have shown to increase the long-term performance of 

oxynitrides65 by reducing charge recombination as one of the benefits. However, the presence 

of the accumulation layer and its evolution across the PECR suggested by our results implies 

involvement of more complex mechanisms. The extension of our work to these buried 

interfaces, taking into advantage the probing depth and chemical specificity of SX-ARPES, will 

allow us to rationalise/correlate the evolution of their electronic structure with respect to the 

increase in catalytic performance usually observed with the powder photocatalysts.122, 123, 124 

The spectroscopic abilities of SX-ARPES highlighted by our work extend from the oxynitrides 

to a wide range of other thin-film and interface systems used in various functional materials. 
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Methods 

Thin Film Deposition 

The thin films used in this work were grown using a modified pulsed laser deposition (PLD) 

method known as Reactive Crossed-beam Laser Ablation (PRCLA)69 following the same 

procedure as previously described.62 A laser fluence of ca. 2.5 J cm-2 was used at a repetition 

rate of 10 Hz. Commercially available MgO(001) substrates (10.0 x 0.5 x 0.5 mm) were used 

as a template to grow the TiN buffer layer and LTON thin film. 

Angle-Resolved Photoemission Spectroscopy  

The ARPES measurements were performed at the SX-ARPES endstation125 of the Advanced 

Resonant Spectroscopies (ADRESS) beamline126 situated at the Swiss Light Source, Paul 

Scherrer Institute, Switzerland. Resonant photoexcitations were performed at the Ti L2, Ti L3 

and La M4, La M5 edges (E0 = 460, 453, 853 and 836 eV, respectively). The photon flux was 

ca. 1013 photons/s and focused into a spot size of 30 × 75 μm2 on the sample surface at an x-ray 

grazing incidence angle of 20°. The energy resolution was set to 140 meV and the sample 

temperature was kept at 20 K in order to maximise the coherent spectral component.47 The 

angle-integrated spectra were integrated within ±8o. The XAS data were measured in total 

electron yield (TEY). 

We also performed time dependence measurements upon X-ray irradiation, to observe if the 

electronic structure of LTON is modified due to exposure to the X-ray beam. Only insignificant 

changes have been observed (supplementary Fig. 2.10), which were comparable with the noise 

of the measurements and could be explained by X-ray stimulated desorption of surface 
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contaminations. It is also possible that these changes were a consequence of the oxidation of 

hydrocarbons chemisorbed on the surface during the ex-situ transfer of the samples. 

Density Functional Theory 

Geometry optimisations and energy calculations were performed using DFT and Perdew-

Burke-Ernzerhof (PBE)127 functional implemented in the QuantumWise software package 

(now part of Synopsis).128 A pseudopotential method was applied using numerical atomic 

orbitals for representation of the valence electrons. The electron correlation was taken into 

account using the DFT-1/2 computational approach which allows for accurate estimation of 

band gaps in complex oxide materials.129 Workfunctions were calculated for slabs with BO2 

termination130 using ghost atom approach and multigrid Poisson solver with Neumann 

boundary condition (bottom surface) and Dirichlet boundary condition (top surface). The 

method allows to estimate the workfunctions of polar slabs which are not accessible without 

complicated surface reconstruction using planewave wavefunctions. Eight BO2 layers were 

considered in each slab. Real space grid and k-point mesh have been converged to 10-4 eV 

energies. 

Photoelectrochemical Characterisation 

The PEC measurements were performed using a three-electrode configuration as previously 

described. A KCl saturated Ag/AgCl electrode was used as the reference. The oxynitride thin 

film and platinum wire were utilised as the working and counter electrode, respectively. An 

aqueous solution of 0.5 molar NaOH was used as an electrolyte with a pH of 13. The samples 

were illuminated with a 150W Xe arc lamp (Newport 66477) with an AM 1.5G filter with an 

output intensity of 100 mW cm-2. To measure the dark and light current a chopper was used to 
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intermittently block the irradiation of the sample. The potentiodynamic and potentiostatic 

measurements were performed at a scan rate of 10 mV s-1. 

Composition Analysis 

Rutherford Backscattering (RBS) and Elastic Recoil Detection Analysis (ERDA) were 

employed to determine the chemical compositions of the LTON thin films. RBS provides the 

metal ratios and oxygen content, whereas ERDA provides the nitrogen-to-oxygen ratio. The 

RBS measurements were conducted using a 2 MeV He beam and a silicon PIN diode detector. 

ERDA utilised a 13 MeV 127I beam in combination with a time-of-flight spectrometer and, a 

gas ionisation detector. RBS data was analysed using RUMP.131 

Crystalline Properties 

XRD measurements were performed using a Seifert X-ray Diffractometer with characteristic 

Cu Kα radiation 0.154 nm. Theta-2theta scans were performed to determine the out-of-plane 

orientations of the films.  

2.12. Appendix 

 

 

Fig. 2.8. Total DOS (a) LaTiO2N (b) LaTiO3 (c) La4Ti4O9N3 aligned to their respective fermi 

levels. 
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Fig. 2.9. (a) Ti L2 edge high-statistic before PEC, acquired at 465.3 eV, (b) Ti L2 edge high-

statistic after PEC, (c) angle integrated plots for data shown in parts a-b, (d) smoothed data 

from part a for visual clarity of the dispersions seen near to the EF, (e) smoothed data from part 

b. The integrated angle range corresponds to -7.6:8.1 degrees.  

 

 

Fig. 2.10. Angle-integrated plot of the LTON VB measured at the Ti L3 edge after exposure to 

the X-ray beam over time. 
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Chapter 3: Extent and nature of the surface evolution of 

LaTiOxNy 

 

 

 

 

 

 

 

 

 

 

 

 

3.1. Preamble 

 

This chapter looks at the surface modifications at the solid-liquid interface that occur during 

photoelectrocatalytic water splitting. Where the combination of neutron reflectometry (NR) and 

grazing incidence X-ray absorption spectroscopy (GIXAS) are employed to distinguish 

between the surface and bulk signals.   

The results in this chapter are published in Nature Communications and can be found here: 

Lawley C, Nachtegaal M, Stahn J, Roddatis V, Döbeli M, Schmidt TJ, et al. Examining the 

surface evolution of LaTiOxNy an oxynitride solar water splitting photocatalyst. Nature 

Communications 2020, 11(1): 1178. https://doi.org/10.1038/s41467-020-15519-y 

Author Contributions: 

Conceptualisation, C.L., D.P., J.S., and M.N.; Investigation, C.L., M.N., V.R., M.D. and J.S.; 

Formal Analysis, C.L., M.N., M.D., J.S.; Writing – Original Draft, C.L. and D.P.; Writing – 

Review & Editing, C.L., T.S., D.P and T.L.; Funding Acquisition, D.P., J.S., M.N., T.S.; 

Supervision, D.P. and T.L.  

https://doi.org/10.1038/s41467-020-15519-y
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3.2. Introduction 

 

To study the physicochemical evolution of the surface of the semiconductor, the use of 

oxynitride thin films as model systems provides a clear advantage over the corresponding 

powders in the fact that they offer relatively wide, atomically flat, and well-defined surface 

where one can more easily distinguish between the surface and the bulk of the material. With 

respect to powders, decreasing the nanoparticle radius size does increase the surface area-to-

bulk ratio, however, any measurements would still represent an average of the contributions 

from the surface and the bulk. Literature pertained to oxynitride thin films for water splitting 

remains limited to date. 62, 70, 71 

 

Some of the prevailing surface sensitive techniques currently available are not without their 

limitations. Secondary Ion Mass Spectrometry (SIMS) for example involves the surface 

bombardment with a primary ion beam in an ultra-high vacuum. Therefore, the technique is 

locally destructive due to sputtering effects, which can lead to modified surface chemistry and 

ion implantations. X-ray photoelectron spectroscopy (XPS) is another key technique for surface 

characterisations, though like SIMS it requires a high vacuum environment. These 

environments do not simulate natural operating conditions and can alter the sample itself, whilst 

also ruling out future in situ and operando measurements performed in water. Recent advances 

in Near Ambient Pressure XPS (NAP-XPS) have been made using dip and pull methods in 

water and offer promising opportunities for in situ measurements, however, one must consider 

changes in pH values, drying and salt formation.  

 

X-ray diffraction (XRD) is limited to long-range order and X-ray reflectivity (XRR) is not 

sensitive enough to distinguish between elements next to one another in the periodic table.  

Surface enhanced Raman spectroscopy (SERS) and more specifically tip enhanced Raman 

spectroscopy (TERS) is another good possibility, however, the Raman effect is also very weak, 

and can require a long measurement time not suitable for operando measurements. The sensitive 

nano tips used can be prone to unwanted chemisorption and degradation during operation 

conditions.   
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Taking into consideration the type of information that can be obtained from the current existing 

techniques, their limitations and practicalities, we chose for this study to employ the 

complementary surface sensitive techniques, neutron reflectometry (NR) and grazing incidence 

X-ray absorption spectroscopy (GIXAS) to probe the surface modifications of epitaxially 

grown LTON films (Fig. 3.1). The advantage of using neutron reflectometry and GIXAS is the 

fact that they are both in-situ techniques, allowing the possibility to study reactions in the 

presence of water. Neutron reflectometry is a non-destructive destructive132 technique similar 

to X-ray reflectivity (XRR) for measuring the depth profile of the density of thin films. The 

difference between using neutrons over X-rays is that the neutrons scatter from the atomic 

nuclei rather than from electrons. The neutron scattering power can vary greatly between 

neighbouring elements and isotopes of the same element therefore, NR unlike XRR, is sensitive 

to neighbouring light elements (H, C, O, N) and isotopic substitution132, 133, 134 and can provide 

depth profiles with sub-Ångstrom resolution.135 

 

3.3. Oxynitride thin films 

 

The growth of oxynitride films using pulsed reactive crossed beam laser ablation (PRCLA) 

described previously68 allows the fabrication of thin films with different crystalline properties 

and tuneable nitrogen contents. Fig. 3.1 shows the structural and morphological 

characterisations for LTON thin films grown for this work. The crystal structure for LaTiO2N 

is shown in Fig. 3.1a, Fig. 3.1b shows the X-ray diffraction (XRD) measurement for the 

epitaxial oxynitride LTON film deposited on titanium nitride (TiN) coated magnesium oxide 

(MgO(001)) substrate. In our previous work72 we demonstrated that the TiN seed layer can not 

only be used as a current collector for PEC measurements, but it also provides a very good 

template for the growth of oxynitride films making the deposition process more stable 

(controllable). Whilst also increasing N content in comparison to oxide substrates.  

 

TiN possesses the same rock salt structure as MgO and has similar lattice parameters, a= 4.211 

Å (MgO), a = 4.235 Å (TiN). Due to the small lattice mismatch between MgO and TiN (ca. 

0.56%) this layer grows (100) epitaxially oriented with MgO(001), the (200) diffraction peak  
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Fig. 3.1. (a) crystal structure of LaTiO2N, (b) XRD pattern of the epitaxial LTON film, the θ/2θ 

is shown in black, with LaTiO2N and MgO substrate reflexes shown below in red and green for 

reference. Reflections are labelled using the (hkl) notation, (c) TEM cross section of the LTON 

– TiN film grown on MgO, (d) High-angle annular darkfield (HAADF) image; a grain boundary 

(GB) is tracked with asterisks, (e) O:N ratio determined by TEM/EELS analysis.  

 

is visible as a shoulder on the peak of the substrate. LTON has the orthorhombic perovskite 

structure with lattice parameters a=5.5731 Å, b=7.8708 Å, and c=5.6072 Å. 

 

The XRD pattern shows that LTON grows epitaxially on the TiN buffer layer with the (h,k,l) 

reflexes (0,2,0), (0,4,0) and (0,6,0) appearing at 2θ values ca. 22, 46 and 72 respectively. The 

MgO substrate (200) reflex has been marked in green. Fig. 4.1c shows the transmission electron 

microscope (TEM) cross sectional image of the epitaxially grown film, with the selected area 

electron diffraction (SAED) pattern inset in the top left corner. The TEM image indicates a 

well-defined surface and interfaces between the layers. The SAED pattern also confirms the 
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epitaxial growth of LTON and TiN on the MgO substrate. The protection layer seen in the 

cross-sectional image was applied on the sample solely for the TEM measurement. The  High-

angle annular dark-field (HAADF) image with atomic resolution is shown in Fig. 3.1d.  

 

The O:N ratio for the LTON films were determined using electron dispersive spectroscopy 

(EDX) and are in agreement with the RBS/ERDA analysis. Although the O:N ratio is low, this 

is usual for epitaxially grown LTON films where there is a trade-off between crystalline quality 

and total nitrogen substitution/content. Films grown using larger laser fluence, tend to grow 

polycrystalline films with much higher nitrogen contents.   The compositions of the thin films 

used in this work were determined by RBS/ERDA measurements (Fig 3.2). The compositions 

of the LTON films consist of La:Ti and O:N ratios of 1.04-1.06 and 10.3-10.7 respectively 

(Table 1). The experimental uncertainties on the compositions measured by RBS for La and Ti 

and ERDA for O and N are ± 2% and   ± 3% respectively. We assume that the chemical 

composition of the films, while affecting the light absorption and charge migration properties, 

has little influence on the evolution of the physicochemical state of the surface layer. 

 

 

Fig. 3.2. (a) Rutherford backscattering (RBS) spectrum, (b) elastic recoil detection analysis 

(ERDA) spectrum. The cation ratios were determined by RBS whereas, the O:N ratios were 

determined by ERDA 



Chapter 3: Extent and nature of the surface evolution of LaTiOxNy 

 

60 

 

  

Table 1. Compositions of LTON thin films determined by RBS and ERDA. 

 

Film Composition La:Ti O:N 

 

LTON sample batch 1 

 

La1.03Ti0.97O3.0N0.29 

 

1.06(0.02) 

 

10.3(0.7) 

LTON sample batch 2 La1.02Ti0.98O3.0N0.28 1.04(0.02) 10.7(0.7) 

 

 

 

3.4. Experimental Strategy  

 

In NR, the neutron wave (k0) hits the sample at a given angle (Fig. 3.3). Part of the neutron 

wave is reflected (kf) and part is refracted (k1) (Fig. 3.3b). The scattering plane is orientated 

vertically (qz) and the incident angle (ω) can be by rotating the sample (Figure 3.3a). Diffuse 

scattering has been omitted and only the specular reflected waves are considered for easier 

visualisation. The depth profiles are obtained via specular NR by measuring the intensity of the 

reflectivity. From the reflectivity curves, scattering length density (SLD) profiles of the material 

are inferred.  

 

XAS is an element specific spectroscopic technique, which allows the characterisation of the 

electronic structure of the absorbing atoms and of their local geometrical environment. To 

perform surface sensitive measurements, grazing incident X-ray absorption spectroscopy 

(GIXAS) were performed on the LTON thin films, while powder reference samples were 

measured by XAS in transmission mode. Measurements were performed at grazing incident 

angles varying between 0 and 1 degree at intervals of 0.1 degree (Fig. 3.3c-e). This method 

enables us to distinguish between the surface and the bulk of our samples, a type of 

characterisation that is not possible with powders samples.   
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Fig. 3.3. (a) instrument description for AMOR time-of-flight neutron reflectometer at 

SINQ/PSI, (b) neutron reflectometry measurement for multilayer thin films, (c-d) surface 

sensitive GIXAS measurement, side view and top down respectively, (e) penetration depth of 

X-rays for LTON at the Ti K edge energy range as a function of incident angle, the error bars 

correspond to the penetration depth at a given incident angle with an error of ± 0.1 degrees. 

Values taken from.136 

 

 

3.5. Photoelectrochemical Characterisations  

 

The photocatalytic conversion of solar energy into hydrogen via the water-splitting process 

assisted by semiconductor catalysts is a promising route to generate a clean, low cost and 

renewable energy source. In these semiconductor photocatalysts, electrons are excited from the 

valance band to the conduction band forming electron-hole pairs (e- - h+) under light irradiation 
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(photons) with energy greater than or equal to that of the band gap (Fig. 3.4). The 

photogenerated electrons are collected by the TiN seed layer and transferred to the Pt counter 

electrode where the excited electrons can directly reduce protons to form H2. As for the 

photogenerated holes, they are consumed in the OER where they oxidise water to generate O2 

at the surface of the photocatalyst. Co-catalysts can also be used in conjunction with the 

photocatalysts (not shown), which provide alternative active sites for the evolution of hydrogen 

and oxygen by acting as electron and hole scavengers for the photogenerated charges, 

respectively. Thus, co-catalysts can increase performance by reducing electron/hole charge 

carrier recombination which is a detrimental effect that suppresses the photocurrent.  

 

 

Figure 3.4. (a) energy diagram for the LTON semiconductor photocatalyst, (b) 

photoelectrochemical 3 electrode cell, (c) 3 consecutive potentiodynamic scans for LTON 

without catalyst, (d) stabilised photocurrent for the bare LTON film and IrO2 decorated LTON 

film shown in red and blue respectively, (e) the degradation from the initial photocurrent with 

successive potentiodynamic linear sweeps comparing the bare and IrO2 decorated LTON films 

values taken at 1.5 V vs RHE.  
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The PEC characterisations of LTON were performed with a standard 3 electrode configuration 

in 0.5 mol. NaOH aqueous electrolyte (pH = 13) as shown in Fig. 3.4b. A reversible hydrogen 

electrode sets the 0 V potential and an increasing voltage bias is applied between working and 

counter electrode. The electronic current between working and counter electrodes, also called 

the photocurrent, is proportional to the amount of H2 and O2 produced. Fig. 3.4c shows the first 

three consecutive potentiodynamic current-voltage scans for LTON. From the initial scan it is 

apparent that there is a decrease in the measurable photocurrent density with successive sweeps. 

By the third scan the photocurrent density is stable however, with a photocurrent density at 

1.5V vs. RHE ca. 20% less than the initial value. This degradation was previously ascribed to 

the surface oxidation of the epitaxial LTON film under operation conditions.71    

 

Measurements were performed under chopped illumination allowing the distinction between 

the dark current when there is no illumination of the sample, and the visible-light response that 

can be seen by the sharp increases in current when under illumination. Fig. 3.4c shows the 

stabilised photocurrent density for the bare LTON sample compared to LTON decorated with 

IrO2 nanoparticle co-catalyst deposited onto the surface, shown red and blue respectively. Fig. 

3.4e shows the degradation in photocurrent observed previously in part c as a percentage from 

the initial measured photocurrent during the first linear sweep for the bare LTON film compared 

to the IrO2 decorated film.  

 

It is apparent that the bare LTON film is more susceptible to the degradation process compared 

to the sample decorated with co-catalyst, where the degradation rate is decreased and the extent 

of the degradation is minimised. It is shown in Figure 3.4d that in the presence of the co-catalyst, 

the photocurrent density is increased by a factor of ca. 2 at 1.5V vs. RHE. Optimal co-catalyst 

deposition conditions and cheaper alternatives to IrO2, are currently under study. The 

significance of the co-catalyst here is to compare the effect of the PEC water splitting process 

on bare LTON thin films and those decorated with a well-known co-catalyst to compare 

performance and the extent of the surface modifications. To confirm and monitor any changes 

in, or the formation of a modified surface layer of the LTON films, neutron reflectometry 

measurements were performed on several LTON films ex situ comparing before and after PEC 

measurements. 
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3.6. Neutron Reflectometry  

 

A visual description of the measurement has been included in Fig. 3.3 to compare NR results 

before and after PEC measurements. For one batch of samples, PEC characterisation were 

performed as described in the experimental section (3.10).  For the second batch, the sample 

history was kept identical. It was exposed to the same electrolyte for the same time period and 

irradiated with the same light intensity. However, no external bias was applied to the film and 

no measureable photocurrent was observed, the reason for doing so was to try establishing 

which stimulus is the driving force for the observed surface degradation. The resulting 

reflectivity plots for the before and after comparisons of the two sets of films are shown in Fig. 

3.5a-b.  

 

It can be seen in Fig. 3.5a, that for the sample that did not evolve any oxygen there is minimal 

observable changes in the reflectivity curves when comparing the initial as grown film and after 

exposing to the electrolyte and light irradiation. At higher Q (scattering vector) values there are 

small deviations but they are smaller than the resolution and degree of error as the signal tends 

to wash out at high Q values. The difference spectrum has been provided for easier 

visualisation. When comparing a sample which was exposed to an external bias and evolved 

oxygen under OER conditions, significant changes in the reflectivity curve can be observed 

when comparing before and after PEC measurements (Fig. 3.5b).   

 

These differences arise due to changes in the density of the film during operation. The extent 

of the changes can be described by modelling of the reflectivity curves. Figure 3.5c shows the 

experimental data (solid lines) from b with the corresponding model fit (dashed lines) which 

has been offset in the y axis for easier visualisation. From the fit, a 1D SLD profile is inferred 

and is portrayed in Figure 3.5d. Comparing before and after PEC the TiN layer remains 

unchanged, contrast differences in the SLD profile at each TiN interface arise due to the slight 

diffusion of oxygen to the TiN layer from the substrate and from the LTON film during growth 

which has also been evidenced previously by TEM and electron energy loss spectroscopy 

(EELS) (Appendix 3.11). Comparing before and after PEC for the LTON film, a minor  
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Fig. 3.5. (a) Reflectivity plot for a LTON film exposed to electrolyte and light intensity, yet no 

external bias was applied to the sample and showed no photoelectrochemical performance, (b) 

with applied bias, (c) experimental and corresponding model fit for data shown in b, shown by 

the solid and dashed lines respectively, (d) the inferred scattering length density profile as a 

function of depth from the corresponding fit. The inset shows the magnified region at and near 

to the surface of LTON, (e) depth profile of the samples before and after PEC.  

 

difference is apparent at the TiN/LTON interface inferred by an almost negligible O:N ratio 

change but the largest changes in SLD profile occur at and just below the surface, as seen in 

Figure 3.5d and the inset. The model suggests slight nitrogen content loss in the film below the 

surface layers, but at the surface within the first 3 nm there is a greater degree of nitrogen loss 

and a slight increase in the oxygen content which would generate a small degree of vacancy 

formation in the film after PEC measurements. However, the quantitative analysis of the 

stoichiometric changes resulting in the scattering length density profile changes involve some 

degree of uncertainty and require additional complementary techniques to reference.    
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Qualitatively, the differences in the scattering length density profile confirm that a 

physiochemical change in the film has taken place, most significantly at and near the surface 

where the model suggests slight stoichiometric changes. Since no difference was observed in 

the film where no external bias was applied, we could conclude that the density changes 

observed for the oxynitride are of a direct consequence of the applied external bias and the 

water splitting process. The electrolyte and incident light alone has minimal/negligible effect 

on the LTON sample. Although NR is a powerful technique with various applicational benefits, 

relying solely on NR is not sufficient to elucidate the degree of changes in the LTON films.   

 

 

3.7. Grazing incidence X-ray Absorption Spectroscopy  

 

 

For this study, we performed ex-situ GIXAS measurements on several LTON thin films before 

and after PEC, to probe the electronic structure of the La and Ti, A and B cations and their 

local environments. We saw in the previous section the suggestion by NR, that the 

physicochemical changes occurring in LTON are limited to the first 3 nm. In section 3.4 and 

more specifically, Fig. 3.3c-e, we show how GIXAS enables us to distinguish between the 

surface and the bulk of our samples. 

 

Fig. 3.6 shows the X-ray absorption near edge spectroscopy (XANES) spectra for LTON 

measured at the lanthanum L3 edge and titanium K edge including, several powder references 

for both elements. Fig. 3.6a compares several La containing references, where there is no 

significant shift seen in the energy position of the absorption edge peak at ca. 5.49 keV for all 

three samples. This suggests that lanthanum exists in the commonly observed 3+ oxidation state 

for the prepared powders of the LaTi oxide and oxynitride materials. There are however, 

significant differences in intensities of the peaks for the 3 samples which are attributed to the 

different and perhaps non-uniform particle sizes. Different size particles possess different 

surface areas and as a result can exhibit partial oxidation reflected in the changes of the peak  
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Fig. 3.6. (a) La containing references, (b) LTON bulk comparing La before and after PEC, (c) 

LTON surface comparing La before and after PEC, (d) Ti containing references, (e) LTON bulk 

comparing Ti before and after PEC, (f) LTON surface comparing Ti before and after PEC.   

 

 

intensities. Fig. 3.6b shows the comparison of the bare LTON film with the IrO2 decorated film 

measured in the bulk of the sample.  It can be seen that after PEC the La cations in the bulk of 

the bare sample undergoes both an increase in intensity and a reductive shift to lower energy. 

For the La cations situated at the surface however, it can be seen that there is an oxidative shift 

to higher energy after PEC (Fig. 3.6c). It is noteworthy that when the LTON films are decorated 

with the IrO2 co-catalyst, the shifts in the edge positions and intensity changes are prevented.   

 

It has previously been shown that the looking at the second derivative plots of the La XANES 

and peak fitting analysis looking at peak positions and FWHMs are related with the degree of 

disorder and coordination environment surrounding La.137, 138 The same analysis was carried 
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out on the La L3 XANES data presented here but it did not show any significance difference 

comparing between before and after PEC. The analysis has been included in the appendix 

(section 3.11).  

 

The biggest differences in the XANES spectra are the centroid shifts, which suggests that the 

La A cation sites are much more active in the water splitting process than previously believed. 

This was not obvious or expected for the A site and especially for La. The B cation would 

correctly be assumed to be more catalytically active than La , but it has been previously shown 

that the surfaces of these oxides and oxynitrides tend to show AO (La-O) termination rather 

than BO2 (TiO2) surface terminations.70, 115, 139, 140 The La cations are much larger than Ti (1.03-

1.16 Å and 0.61-0.67 Å respectively) and so the surface would consist primarily of La-O atoms 

where the Ti B cations sink down slightly into the subsurface layers. Which could explain why 

the A site shows evidence to be the catalytically active site for the OER.   

 

Traditionally, it is assumed that the valence state of lanthanum exists solely in the nominal 3+ 

integer value. However, there have been theoretical and experimental studies which suggest 

that this is not entirely true. It has been shown that La can exhibit a partially occupied d-orbital 

(5d1) with an atomic charge between the nominal valence charges +2 and +3.106, 107, 108 This 

partial covalency between La-O would explain the observed catalytic behaviour of the A cation 

and the changes seen in the XANES spectra. The reductive shift in bulk of the samples may be 

driven by the slight loss of nitrogen/oxygen and generation of vacancies changing the partial 

covalency surrounding La. It is possible and worth noting that overall nitrogen contents could 

be retained, where nitrogen leaves the lattice but remains in interstitial sites. At the surface the 

La oxidative shift in centroid position could be due to the adsorption of *O , *OH , *OOH 

intermediates under OER conditions where adjacent O decouples to release molecular O2.  
 

 

Using a co-catalyst conserves the valence state of lanthanum after PEC measurements as seen 

by the edge positions remaining static and not shifting as seen for the bare sample by filling the 

role of the active site rather than the A cations. The same measurements were performed at the 

titanium K edge to explore the B cation site in the LTON films and are portrayed in Fig. 3.6d 
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and 6f. Fig. 3.6d shows a number of Ti containing references for comparison to the LTON 

films. As expected, the Ti valence states in the perovskite powder samples and the LTON film 

are a mixture of 3+ and 4+. This can be seen by edge positions and peak intensities which are 

situated in-between those of Ti3+ in titanium nitride and  

 

Ti4+ in anatase. The comparison between the bare and co-catalyst loaded LTON films measured 

in the bulk before and after PEC characterisation (Fig. 3.6e) conveys that the water splitting 

process has no effect on the valence state of the titanium cations in the bulk of the samples. Fig. 

3.6f shows the comparison of the LTON films measured at the surface with and without the co-

catalyst before and after PEC measurements. It is evident from the spectra that there is no shift 

in the edge position, meaning that the valence state of Ti has not changed as a consequence of 

the water splitting process. There are however slight changes in the intensity of the pre-edge 

region (4.96-4.98 keV) as a consequence of the PEC measurements.  

 

Since pre-edge features are generally related to symmetry and local coordination environments 

it is suggested that as a consequence of the OER there is an increase in the disorder of the Ti 

octahedra located at the surface of the LTON film. This type of information and data are not 

obtainable with some of the previously described surface sensitive techniques. Measurements 

were performed at various incident angles as previously discussed and the observed changes in 

the pre-edge for Ti were limited to within the first 3 nm of the film.   

 

The nature of the changes in the pre-edge features will be discussed in the following section 

but first when comparing the bare LTON sample with the sample decorated with the co-catalyst 

it is noteworthy that when the co-catalyst is present the pre-edge features changes previously 

seen are subdued in the presence of IrO2. 

 

 

 



Chapter 3: Extent and nature of the surface evolution of LaTiOxNy 

 

70 

 

3.8. Pre-edge features  

 

 

In order to understand the extent of the changes in the pre-edge features observed at the surface 

in the Ti K edge spectrum after PEC measurements as seen in Fig. 3.6f, the differential spectrum 

for the interested region has been produced and displayed with the original data as shown in 

Fig. 3.7a. The differential and, the corresponding peak analysis fit are included in Fig. 3.7b.  

 

 

Fig. 3.7. (a) the bare LTON film surface before and after PEC and the differential spectra shown 

in black, red and blue respectively, (b) differential spectra and corresponding peak fitting 

analysis, (c) peak fitting analysis for measured TiO2 anatase as a reference for peak 

assignments, (d) Ti(O/N)6 octahedra and the possible axial and equatorial positions for vacancy 

generation and adsorption sites, (e) schematic representation of the OER mechanism. 
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The pre-edge peak intensities arise due to disorder, lattice defects141, 142 and a lowering of 

symmetry; along with orbital mixing. Therefore, the intensity of these peaks increases 

considerably when moving away from a perfect octahedral to tetrahedral Ti environments. The 

pre-edge peaks in Fig. 3.7b correspond to the 1s > 3d, 1s > 4s and 1s > 4p transitions of the 

core 1s electron to the unoccupied molecular orbitals of the Ti(O/N)6 octahedra. Their 

assignments are summarised in Table 2 and discussed in more detail below.  

 

 

Table 2. Pre edge peak positions and assignments for TiO2 and LTON. 

Peaks ∆E TiO2 ∆E  LTON Peak assignment  orbitals 

 

A1 

A2 

A3 

B1 

B2 

C1 

C2 

C3 

 

0.0 

1.6 

3.0 

5.4 

- 

9.9 

11.3 

14.3 

 

0.0 

1.7 

3.0 

4.5 

7.0 

9.2 

- 

- 

 

3d-4p 

3d-4p 

3d-4p 

4p-4s 

- 

4pz 

4py 

4px 

 

 

B2g , ag 

b3g 

ag , b1g 

ag 

- 

b1u 

b2u 

b3u 

 

 

The ∆E of the centroid positions have been aligned by setting peak A1 to zero on the energy 

scale. Peaks C2 and C3 were not included in the differential peak fit model for LTON since 

there was no change in the pre edge intensity for those contributions. Peak B2’s presence was 

only suggested for the LTON film. 
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Each peak corresponds to a certain transition and is in agreement for peak fitting analysis 

performed on experimentally obtained data for TiO2 (Figure 3.7c). These transitions have also 

previously been discussed in literature.141 The exception is peak B2 which contributes to the 

differential fitting for the LTON thin film but has no evidence of any contribution to TiO2 pre-

edge analysis. 

 

Peak A1 

 

The peak denoted as A1 has previously been assigned to a 1s-3d transition usually forbidden in 

perfect octahedra but due to disorder and a lowering of symmetry, along with 4p-3d orbital 

mixing with neighbouring Ti atoms the peak is weakly present for LTON and in TiO2. The 

intensity of this peak increases considerably as you move away from an octahedral to tetrahedral 

Ti environments. After PEC measurements the contribution of this peak has increased 

suggesting an increase in disorder of the Ti(O/N)6 octahedra of the Ti atoms located at the 

surface.   

 

Peak A2 

 

The peak denoted as A2 has previously been assigned to a 1s-3d quadrupole transition for TiO2 

and is related to lattice defects. Perhaps more specifically for LTON with D2h symmetry the A2 

peak can be assigned as the 1s–3d (b3g dyz) which is primarily quadrupolar in character. After 

PEC measurements the intensity of this peak increases. Since it has been previously assigned 

to defects in TiO2, it therefore suggests that after the water splitting process the local geometry 

surrounding the surface and near surface Ti cations become a little more disordered. Increasing 

disorder lowers the octahedral D2h symmetry even further, introducing more dipolar character 

to the A2 peak by p-d orbital mixing. This could account for the observed intensity increase of 

this peak as a consequence of the water splitting process.    
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The reason for increase in disorder could also be explained by nitrogen loss from the lattice and 

the formation of nitrogen/oxygen vacancies. This would lead to pentacoordinated Ti cations, 

lowering the symmetry and increasing p-d orbital mixing. It has been previously shown by ab-

initio FDM calculations for TiO2
143  that oxygen vacancies can lead to strong enhancements in 

the A2 peak region due to the lowering of symmetry and a spectral shift of the A1 peak  for 

pentacoordinated Ti atoms with oxygen vacancies. This may explain why this peak is most 

significant for the LTON thin films but minimal in powdered anatase.  

 

Peak B1 

 

Peak B1 is attributed to the non-local 1s to 4p-4s hybridised states with the second Ti neighbour. 

From the peak fitting it suggests that the B1 peak also increases in intensity after PEC which 

could be accounted for with the increase in disorder around the local absorbing Ti atom altering 

the degree of p-d mixing with neighbouring Ti atoms.   

 

Peak B2 

 

The B2 peak which is present only in the LTON film can be explained by the existence of 

oxygen/nitrogen vacancies. This is supported also by the ab-intio FDM calculations previously 

described under section peak A2. 
143  According to the calculations, the introduction of axial 

and equatorial oxygen vacancies leads to large peak intensities for TiO2 situated at ca. 2.5-3 

eV higher in energy than B1. For LTON the difference between B1 and B2 is also separated by 

a similar energy difference (Table 2). Since this contribution is suggested to be due to oxygen 

vacancies, the increase in the intensity of this peak after PEC measurements seems to suggest 

that the OER creates oxygen and/or nitrogen vacancies driven by the loss of nitrogen at the 

surface of the oxynitride films. This would agree with the NR model that the surface is 

comprised with an increased oxygen after nitrogen depletion.  
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Peak C1 

 

The C1 peak situated at ca. 4977.2 eV also has a large change in amplitude after PEC 

measurements. This peak is characterised for TiO2 as the 1s to 4p (B1u) transition which is 

dipolar in character. The antibonding B1u molecular orbital is comprised of the Ti 4Pz orbitals 

and N/O 2Pz orbitals. The large increase for this transition may be explained by the loss of N/O 

and the creation of vacancies at the apical position of the Ti octahedra where the surface 

terminates and adsorption of intermediates during the OER takes place. The contributions of 

these peaks seem large due to the fitting of the difference spectra, the overall disorder of the Ti 

environment as a consequence of the water splitting process are quite subtle when looking at 

the XANES data. However, we would like to highlight the fact that the edge position does not 

change yet XAS is a suitable technique to detect this short-range structural information not seen 

by XRD or XPS. The change in stoichiometry and the increase in disorder of the environment 

surrounding Ti would induce changes in the degree of local strain of the films.  These 

physiochemical changes can account for the reduced OER activity by increasing the binding 

energies of the *O, *OH and *OOH intermediates and increasing the OER overpotentials. 

 

 

3.9. Conclusion 

 

 

We have applied complementary NR and surface sensitive GIXAS techniques to probe the 

detrimental surface modifications associated with oxynitrides that occur during operation. We 

show that thin films are ideal model systems for surface sensitive studies where one can more 

easily distinguish the surface signals from the bulk contributions. The physiochemical 

modification of the oxynitride surface was limited to the first 3nm of the bare thin film. The 

addition of the IrO2 co-catalyst not only increases the performances of the oxynitride sample 

by a factor of two but also protects the surface by preventing the observed surface modification 

as a direct consequence of the water splitting process. The surface modification involves the 

oxidation of the La A cations and a disordering of the local environment surrounding the Ti B 
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cations which are thought to be detrimental and the reason for the reduced performance 

observed in the oxynitrides.  

 

Whereas, La undergoes a reduction in the bulk and Ti remains unaffected as a consequence of 

the water splitting process. These findings were unexpected because we have evidence that the 

A site plays a significant role in the OER and La does not exist solely in the nominal +3 valence 

state. Reports in literature tend to focus more on the role of the B cations, with many new 

materials involving doping and/or partial substitutions at the B cation sites with respect to 

activity. To the best of our knowledge, this is the first depiction of what is occurring at the 

surface and the extent of the changes with respect to each cation as a function of depth during 

photocatalytic water splitting.  

 

The findings in this chapter are also in agreement with those in Chapter 2 where, sXAS and 

SX-ARPES suggested (a) the loss of N states, (b) charge conservation surrounding Ti, (c) 

generation of Ti 3d defect states, (d) reductive shift for La and an increase in spin orbit coupling, 

(e) increased O2p hybridisation. Here, NR suggests this effect is limited within the first 3 nm 

of the samples and GIXAS shows that La acts as a weak transition metal and, the Ti 3d states 

in the conduction band shows signs of disorder, due to vacancy generation and changing O/N-

B-O/N dihedral bond angles. Where the charge around Ti is conserved. These observations can 

be explained by increases in surface hydrophilicity and the formation of a superficial 

OH/O(OH) surface layer. Typically observed and beneficial for the perovskite oxides57. 

However, it seems in the presence of N, the OER intermediates adopt a more counterproductive 

role with respect to LTON. Where nitrogen is lost from the lattice structure in the surface 

layer(s), and remains chemisorbed on the surface as N2 and NOx species.70  

 

Our findings support the idea that that La behaves as a transition metal although, a weak one, 

compared to Ti. It is likely then that the formation of LaOH/LaO(OH) would then not only 

contribute to overall O2 evolution144 during the OER, but also help to stabilise and/or minimise, 

vacancy induced surface reconstruction.145 However, as discussed for Ti, it then can also 

facilitate N2/NOx formation and drive the N loss from the surface layer on the Ti site.   
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3.10. Experimental 

 

 

Thin film deposition  

The LTON films were grown using a modified pulsed laser deposition (PLD) method called 

Pulsed Reactive Crossed-beam Laser Ablation (PRCLA) previously described here12 using a 

KrF excimer laser (Lambda Physik LPX 300, 30 ns pulse width, λ = 248 nm) to ablate a target 

of La2Ti2O7 fabricated in our laboratory. The target to substrate distance was set at 50 mm. A 

laser fluence of 3 J/cm2 with a laser repetition rate of 10 Hz was applied. Commercially 

available (001)-orientated MgO was used as a substrate (10 x 10 x 1 mm). Platinum paste was 

applied between the substrates and heating stage to provide good thermal conductivity. The 

substrate temperature was set at 750°C measured via a pyrometer. N2 partial pressure of 8.0x10-

4 mbar was set via a gas inlet line to the vacuum chamber. NH3 gas jets were injected through 

the piezo controlled nozzle valve of the gas pulse. The opening time of the nozzle valve was 

set at 400 μs and the delay between the valve closing and the laser pulse was set at 30 μs.  The 

titanium nitride current collector layer was grown by conventional PLD using a commercially 

available TiN target under vacuum with a base pressure of ca. 5x10-6 mbar. The substrate 

temperature was set at 750°C. A laser fluence of about 3 J/cm2 with a laser repetition rate of 10 

Hz was applied.   

  

Photoelectrochemical characterisation  

Photoelectrochemical (PEC) measurements were performed using a three-electrode 

configuration. The working and counter electrode were the LTON thin films and Pt wire 

respectively. A KCl saturated Ag/AgCl electrode was used as the reference. An aqueous 

solution of 0.5 molar NaOH (pH = 13) was used as an electrolyte. For the electrical contact of 

the LTON films, on one side of the films a small section of LTON was carefully removed to 

expose the TiN current collector to apply the electrical contact to the potentiostat (Solatron 

1286). The electrically connected area was then insulated with epoxy and the sample then 

immersed into the electrolyte. The samples were illuminated with a 150W Xe arc lamp 

(Newport 66477) with an AM 1.5G filter with an output intensity of 100 mW cm-2. To measure 

the dark and light current a chopper was used to intermittently block the irradiation of the 
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sample. The potentiodynamic and potentiostatic measurements were performed at a scan rate 

of 10 mv s-1. IrO2 nanoparticles were deposited by immersion in an IrO2 colloidal solution for 

30 minutes. The IrO2 solution was prepared by hydrolysis of Na2IrCl6·6H2O (0.010 g) 

dissolved in H2O (50 mL), and the pH was adjusted to 11-12 with NaOH (1M). The solution 

was heated at 80°C for 30 min and cooled to room temperature by immersion in an ice water 

bath. The pH of the cooled solution was adjusted to 10 with HNO3. Subsequent heating at 80°C 

for 30 min resulted in a blue solution containing colloidal IrO2.  

  

 Chemical Composition  

Metal ratios, oxygen content and film thickness were determined by Rutherford Backscattering 

(RBS). Measurements were performed using a 2 MeV He beam and a silicon PIN diode 

detector. Data was analysed using RUMP.43 Nitrogen-to-oxygen ratios were determined by 

Elastic Recoil Detection Analysis (ERDA) using a 13 MeV 127I beam, time-of-flight 

spectrometer and gas ionisation detector.  

  

Crystalline Properties  

XRD measurements were performed using a Bruker-Siemens d500 X-ray Diffractometer with 

characteristic Cu Kα radiation 0.154 nm. Unlocked coupled theta-2theta scans were performed 

to determine the out-of-plane orientations of the films. Grazing incidence detector scans 

(theta=1) were also performed to determine whether a film crystalline quality is epitaxial, 

textured or polycrystalline.   

 

Transmission electron microscopy  

TEM specimens were prepared by Focused Ion Beam (FIB) lift-out technique using a 

Thermofisher Scientific Helios UC instrument operated at 30 kV at the beginning of preparation 

followed by 5 kV and 2 kV for the final cleaning. The HAADF and Electron Energy Loss 

Spectroscopy images were collected with a Thermofisher Scientific (former FEI) Titan 80-300 

environmental TEM operated at 300 kV, equipped with a Gatan Imaging Filter Quantum 965 

ER.   



Chapter 3: Extent and nature of the surface evolution of LaTiOxNy 

 

78 

 

Neutron Reflectometry  

Neutron reflectivity (NR) measurements were performed at the reflectometer AMOR at SINQ, 

Paul Scherrer Institut in Switzerland.44 There the neuron beam is focused to the sample by 

elliptic reflectors leading to a divergence of 1.6°. The angular resolution is realised via the 

position sensitive detector. The intensity of the reflected neutron beam from the sample is 

measured as a function of the scattering angle and the time-of-flight from the chopper to the 

detector. The wavelength resolution was 5% and measurements were performed over a Q-range 

(1/Å) ranging between 0.005 and 0.1.  

 

X-ray Absorption Spectroscopy  

XAS measurements were performed at the SuperXAS beamline at the SLS, Paul Scherrer 

Institut in Switzerland. The energy resolution was optimised using (111)-Si monochromator 

crystals. Energy calibration was performed using a thin Ti reference foil. A focused beam was 

used with a spot size of 100 x 100 μm2. The samples were mounted in grazing incidence to the 

incoming X-ray beam, with an incident angle between 0-1 degrees. XAS spectra were obtained 

in fluorescence yield using a 5 element SDD detector situated at 90 degrees to detect 

fluorescence. Data analysis was performed using the Athena and Larch software packages.45, 46  
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3.11. Appendix 

 

Transmission Electron Microscopy (TEM) cross sectional image for a LTON film. 

 

Fig. 3.8. Transmission Electron Microscopy (TEM) cross sectional image for a LTON film. 

 

The TEM cross image (Fig. 3.8) signifies there is an additional layer/interface at the substrate-

TiN interface. Electron energy spectroscopy (EELS) was able to determine the presence of the 

elements and could determine that this additional layer comprised on Mg, Ti and O. During 

growth of the sample, small amounts of Ti diffused into the MgO substrate and O diffused from 

the MgO substrate into the TiN layer.  

 

La L3 XANES peak fitting analysis  

 

The The centroid positions of the peak fits (Fig. 3.9) show that after PEC in the bulk La centroid 

position shifts to lower energy by ca. 0.1 eV. With the co-catalyst, the centroid position remains 

unchanged. At the surface, the opposite trend is observed where after PEC without the co-

catalyst the centroid position shifts to higher energy ca. 0.15 eV. Again, in the presence of the 

co-catalyst this shift is prevented (within error). Interestingly the centroid positions follow 

opposite trends yet the FWHMs follow the same trend. 
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Fig. 3.9. (a) example of peak fitting for one of the La L3 spectra, (b) centroid position of peak 

for each spectra from figure 3.6b-c, (c) peak FWHM, (d) second derivative for bulk XANES 

measurements, (e) second derivative for surface XANES measurements.  

 

It can be seen that the peak widths in the bulk and surface measurements for LTON have 

FWHM ranges approximately between 2.65-2.75 and 2.3-2.4 respectively. However, 

comparing bulk vs surface is complicated since the bulk measurements suffer from dampening 

due to self-absorption in the thin film. The bulk measurements can be compared to one another 

performed at the same probe depth as the self-absorption effect would be equal for each 

measurement.  It is also of note that the peak FWHMs do not change by very significant 

amounts and are within error. Compared to137, which looks at FWHM shifts of ca. 0.5 eV for 

differently coordinated species. Therefore although interesting, this approach may not be as 

useful/accurate enough as suggested to compare the coordination of La to further our 

understanding. A second study138 looked at the white line intensity with respect to 

symmetry/disorder effects by changing coordination. They note differences in the second 
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derivatives between species due to changing coordination and degree of disorder of the La 

octahedral by looking at symmetry with respect to the t2g and eg splitting.  

From the LaTiOxNy measurements it can be seen there are no significant changes again in the 

second derivatives plots after PEC without a catalyst. There is no evidence of strong disorder 

or symmetry changes of La at the surface or bulk before and after PEC just centroid position 

shifts in energy. There is a slight difference comparing the bulk and surface La – but one has to 

be wary comparing bulk and surface due to self-absorption. However, the bulk shows slight 

band splitting with two peak contributions whereas the surface shows one peak contribution.  

Following the logic bulk La would be less disordered than La at the surface. Which one would 

expect since surface terminations lead to changes in coordination compared to the bulk. 
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Supplementary Tables 

 

Table 3. Neutron reflectometry layer fitting model before PEC 

 

Parameter Thickness(nm) composition 

LTON Surface 1.59 La1.03 Ti0.97 O2.7 N0.3 

LTON bulk 1 28.40 La1.03 Ti0.97 O2.6 N0.4 

LTON bulk 2 15.07 La1.03 Ti0.97 O2.5 N0.5 

LTON bulk 3 58.17 La1.03 Ti0.97 O2.4 N0.6 

TiON 2 12.09 Ti1 N 0.9 O0.1 

TiN 87.69 Ti1 N1 

TiON 19.00 Ti1 N0.95 O0.05 

 

 

 

  

Table 4. Neutron reflectometry layer fitting model after PEC 

 

Parameter Thickness(nm) composition 

LTON Surface 4.49 La1.03 Ti0.97 O3 

LTON bulk 1 5.34 La1.03 Ti 0.97 O2.9 N0.1 

LTON bulk 2 37.50 La 1.03 Ti0.97 O2.8 N0.2 

LTON bulk 3 49.26 La1.03 Ti0.97 O2.4 N0.6 

LTON bulk 4 7.70 La1.03 Ti0.97 O2.42 N0.58 

TiON 2 12.59 Ti1 N0.9 O0.1 

TiN 87.89 Ti1 N1 

TiON 18.71 Ti1 N0.95 O0.05 
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Chapter 4: Oxygen and Nitrogen, the last two puzzle 

pieces 

 

 

 

 

 

 

 

 

 

4.1. Preamble 

 

 

This chapter looks at the surface modifications at the solid-liquid interface that occur during 

photoelectrocatalytic water splitting with respect to oxygen and nitrogen using X-ray 

photoelectron spectroscopy (XPS) for the oxynitride LaTiOxNy. 

The XPS analysis for LaTiOxNy thin films has previously been published in Advanced 

Functional Materials and can be found here: 

Pichler M, Si WP, Haydous F, Tellez H, Druce J, Fabbri E, et al. LaTiOxNy Thin Film Model 

Systems for Photocatalytic Water Splitting: Physicochemical Evolution of the Solid-Liquid 

Interface and the Role of the Crystallographic Orientation. Advanced Functional Materials 

2017, 27(20). https://doi.org/10.1002/adfm.201605690 

However, the XPS analysis was not the main focus of the aforementioned manuscript, and 

without the benefit of hindsight.  In conjuction with the previous findings for LTON in chapters 

2 and 3, in this chapter we re-visit the XPS of LTON. To look again, whilst bearing in mind, 

the information we have obtained from the previous two chapters, to fully extract as much 

information as possible. The analysis and discussion included in this chapter will also be used 

to support chapter 5.

https://doi.org/10.1002/adfm.201605690
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4.2. Introduction 

 

In XPS, the photoemission process occurs according to the photoelectric effect (Eq.4 

.1) described in Fig. 4.1.  

 𝐸𝐵 = 𝐸𝑘 − ℎ𝑣 − 𝑒𝜑 (4.1) 

 

Where, upon the absorption of an X-ray by an atom or molecule, an electron is then emitted 

from the sample with energy (EK). The magnitude of EK depends on the excitation energy (hv) 

and the binding energy (EB) of the ejected electron.  

 

By measuring the EK of the photoelectron with a hemispherical analyser (Fig. 4.1a), the EB of 

the electron can be determined. Since the EB depends on a number of factors, XPS provides the 

following information: a) elemental specificity – which element the electron was ejected from, 

b) orbital specificity – which orbital the electron was ejected from, and (c) the chemical state - 

the chemical environment of the electron.  

 

 

Fig. 4.1. (a) Schematic of an XPS experiment showing the photoemission, (b) the 

photoemission process.  
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In chapters 2 and 3, we discuss the surface modification of the oxynitride LTON thin films 

surface and electronic structure with respect to the cations, La and Ti. However, the energies of 

the anions, O and N, are too low to measure at a hard-XAS beamline, which is required to probe 

the cation energy ranges (chapter 3) and for operando studies in liquid environments (chapter 

5). SX-ARPES provides indirect information regarding the degree of hybridisation between the 

cations and the O and N states, as discussed in chapter 2.  

 

Whereas, XPS can provide direct information regarding O and N along with, La and Ti, for the 

LTON thin films ex-situ. In the following sections, the XPS analysis of LTON thin films before 

and after PEC characterisations are discussed with respect to the findings from chapters 2-3.  

 

4.3. Oxygen 

 

The before and after PEC comparison for the oxygen, O1s spectra are included in Fig. 4.2a, 

shown in blue and red, respectively. After PEC, there is a slight reduction in the main peak 

intensity, which corresponds to the lattice – O bond. There is a shoulder feature at ca. 532.5 eV 

that shifts to lower energy and increases in intensity after PEC. The shoulder itself also becomes 

less asymmetric on the higher energy side. Peak fitting analysis has been included and the fitting 

parameters are included in the appendix (section 4.8). For reference for peak fitting and 

discussion, sourced literature reported EB ranges are included underneath the peak fit plots 

(Fig.4.2). The reported EB and cited reference are included in the appendix.   

 

The cumulative area for the O1s peak fitting suggest that after PEC there is an increase in the 

total oxygen content by ca. 17% on/at the LTON surface. The total increase in oxygen is due to 

the increased concentration of O species under OER conditions adsorbing/chemisorbing on the 

surface. A summary of O binding states and energies reported in literature are summarised in 

Fig. 4.2c-d.  
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Fig. 4.2. (a) O1s XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) schematic representation of the OER mechanism, (c) peak fitting before PEC, 

(d) after PEC.  

 

Peak 1: 

This peak corresponds to the lattice oxygen bond at ca. 530.6 eV. After PEC, there is a slight 

decrease in area and intensity yet a small increase in the FWHM suggesting that oxygen in the 

lattice structure is lost. This is likely due to O2 evolution and vacancy generation during OER 

reaction or the Lattice Oxygen Evolution Reaction (LOER).22 Yet total oxygen contents 

increase due to adsorbed O species.  
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Peak 2: 

This peak at ca. 532.5 eV would correspond to the metallic-OH environment which, is expected 

when exposed to ambient conditions. After PEC, there is ca. a 30% increase in both, the peak 

area and the FWHM. In conjunction, with a reductive shift to lower energy by ca. 2.8 eV. This 

is likely due to the changes that occur with respect to O and OH during the OER (Fig. 4.2d). 

Where, chemisorbed O would show different shielding to its OH counterpart; this would shift 

the binding energy as well as contributions to the FWHM increase.  

 

Peak 3: 

This peak at ca. 533.4 eV could represent a NOx type of environment according to the 

references. Discussion regarding nitrogen is included in the following section (4.4).  

 

Peak 4: 

This peak at ca. 534.1 eV corresponds to chemisorbed H2O on the surface. There is a small 

increase in this peaks contribution comparing with the after PEC sample. As expected, since 

the sample was exposed to the aqueous electrolyte and evolved O2 at the surface.  

 

 

4.4. Nitrogen 

 

The nitrogen, N1s XPS spectra are included in Fig. 4.3a, comparing before and after PEC, 

shown in blue and red, respectively. Before PEC, four peaks are ascribed to the N1s spectrum 

(part b). After PEC (part c), there is a decrease in intensity of the main peak situated at ca. 397 

eV. Followed by a slight change in ratios of all peaks. Two additional peaks not present in the 

before PEC spectra can be seen at ca. 403 eV and 408 eV. The peak fitting parameters are 

included in the appendix (section 4.8).  
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Fig. 4.3. (a) N1s XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) schematic representation of suggested changes to N states, (c) peak fitting 

before PEC, (d) after PEC.  

 

 

Peak 1: 

This is the lattice Ti-N bond of the oxynitride situated at ca. 396.4 eV. After PEC, the FWHM 

increases slightly, suggesting slight disorder of the Ti-N bond lengths/angles of the Ti(O/N)6 

octahedra. The area of the peak almost halves after PEC, suggesting significant amount of N 

leaves the lattice structure and remains either interstitial or chemisorbed – evidenced by the 

changes in the intensities of peaks 1-4, in addition to the emergence of 2 more peaks after PEC. 
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However, the cumulative areas of the N1s spectra suggest a loss of ca. 8% of the total N content 

at the surface.   

 

Peak 2: 

Literature suggests that this peak corresponds to chemisorbed α-N2 (Fig. 4.3). Before PEC, this 

contributes to ca. 2.5 % of the total N content. After PEC, this peak contribution increases by 

ca. 60 % suggesting that the applied potential and OER drives the loss of N from the lattice 

which is partially retained in the form as chemisorbed N2. The contribution of N2 increases from 

ca. 2.5 % to ca. 4.5 % of the remaining total N content after PEC.  

 

Peak 3: 

Literature suggests that this peak corresponds to chemisorbed NO on the surface. After PEC, 

this peak contribution almost doubles. Perhaps signaling that after PEC small amounts of 

chemisorbed NO on the surface is formed/bound at the surface. The slight reductive shift could 

be due to the NO leaving the lattice structure and remaining chemisorbed to the surface. It is 

also worth noting that NO could be orientated differently on the surface, slightly deshielding 

the N.   

 

Peak 4: 

This represents chemisorbed N2 on the surface of the oxynitride, which shows ca. a 3-fold 

increase after PEC. This would also agree with the loss of lattice N in peak 1 but the retention 

of the majority of the N content as chemisorbed N2 and NOx species.  

 

Peak 5: 

This peak is assigned to chemisorbed NO2. Since this peak was only observed after PEC, and 

in conjunction with the large increase in NO (peak 3), the photocatalytic formation of NO2 is 

more likely. 
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Peak 6: 

This peak is assigned to chemisorbed NO3. Again like peak V, thiis peak was only observed 

after PEC, perhaps with the large increase in NO (peak 3) and NO2 (peak 5) the formation of 

NO3 ads is more likely. 

 

The uncertainty with assigning peaks 4 and 5 

 

In Fig. 4.3c-d, we can see that there are large ranges from ca. 401-406 eV for chemisorbed γ-

N2 and chemisorbed NO2. Therefore, it is hard to confidently, describe these two chemisorbed 

states to the two peaks that lie in this range. That said for this work we ascribe peak 4 to 

chemisorbed γ-N2 and peak 5 to chemisorbed NO2. The justification for these assignments is as 

follows: 

 

▪ α-N2 is slightly lower in energy than NO, therefore, it is assumed γ-N2 is also lower than 

NO2.  

▪ Since there is suggestion of α-N2 before PEC, we would expect γ-N2 also to be present 

before PEC. 

▪ Before PEC there is no evidence of peaks 5 and 6 – this could be the result of the 

photocatalytic formation of NO2 and NO3 during operation conditions.  

 

For the oxynitride LTON, we observe increased hydrophilicity (XPS and SX-ARPES). 

However, contrary to oxides57, for oxynitrides this superficial BOH/BO(OH) enriched surface 

layer may have complications. We observe in the N 1s XPS spectra, the formation of N2/NOx 

chemisorbed species, which suggests, competitive reactions between the surface lattice N and 

the OER intermediates. Here the focus of discussion will be on the PEC nitrogen evolution 

reactions at the surface of the oxynitride, since the literature on this topic is scarce. Although, 

this process seems to have important consequences on the efficiency of the oxygen and 

hydrogen evolution half reactions.  
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Photocatalytic nitrate formation on Ti dioxide surfaces irradiated by UV or sunlight irradiation 

under atmospheric N2 and O2 has been discussed by Yuan et al.99 Where, the photogenerated 

holes on the Ti semiconductor surface catalyse the intermediary NOx species according to the 

following reactions: 

 𝑁2 +  𝑂2 → 2𝑁𝑂 (4.1) 

 

 𝑁2 +  2𝐻2𝑂 +  4ℎ+ → 4𝐻+ + 2𝑁𝑂 (4.2) 

 

Dai et al101 recently looked at the nitrogen oxidation reaction (NOR) catalysed by Fe/Co spinel 

oxides in alkaline electrolyte. Where they show that adsorbed N2 is oxidised to intermediate 

NOx species by the adsorbed OH and the OER intermediate O(OH): 

 𝑁2 + 2𝑂𝐻− → 𝑁∗ + 𝑁𝑂 + 𝐻2𝑂 +  2𝑒−  (4.3) 

 

 𝑁∗ +  2𝑂𝐻− → 𝑁𝑂 + 𝐻2𝑂 +  2𝑒−  (4.4) 

 

Where the intermediate NOx species are oxidised as follows: 

 𝑁𝑂 +  2𝑂𝐻− → 𝑁𝑂2 + 𝐻2𝑂 +  2𝑒−  (4.5) 

 

 𝑁𝑂2 +  2𝑂𝐻− → 𝑁𝑂3
 −  + 𝐻2𝑂 +  𝑒−  (4.6) 

 

With the aid of theoretical calculation also, the authors note that Co shows increased 

hybridisation with the O 2p states, which aids in the stabilisation of OH- adsorption. This 

superficial CoO(OH) enriched surface layer has a beneficial effect on the OER for the oxides.57, 

101 However, in the presence of surface nitrogen based species, the stabilised CoO(OH) 

contribute to both the NOR and OER.101 Kato and Kudo94 looked at numerous tantalate oxide 

photocatalysts, and the authors observed nitrate reduction under UV irradiation in an aqueous 

environment. Where nitrate forms intermediate nitrite, dinitrogen and ammonia, even in the 

absence of a co-catalyst or reducing agents. The authors proposed the following mechanisms: 
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 𝑁𝑂3
 − + 2𝐻+ + 2𝑒𝐶𝐵

− → 𝑁𝑂2
 − +  𝐻2𝑂  (4.7) 

 

 𝑁𝑂2
 − + 7𝐻+ + 6𝑒𝐶𝐵

− → 𝑁𝐻3 +  2𝐻2𝑂   (4.8) 

 

 2𝑁𝑂3
 − → 2𝑁𝑂2

 − + 𝑂2  (4.9) 

 

 2𝑁𝐻3 + 6ℎ𝑉𝐵
+ → 𝑁2 +  6𝐻+   (4.10) 

 

Where the photogenerated electrons in the CB reduce the nitrate and nitride species (Eq. 4.7-

4.8). Alternatively, the nitrate species can undergo photochemical decomposition (Eq. 4.9). The 

photogenerated holes in the VB can then oxidise ammonia to form dinitrogen (Eq. 4.10), which 

can form NOx species according to Eq. 4.1-4.4. 

 

Wei et al.100 recently reported increased photocatalytic activity for nitride reduction on Ni2P 

modified tantalum nitride and tantalum oxynitride. Where the photogenerated holes in the VB 

of the two materials are involved in the water oxidation reaction (Eq. 4.12) and, the 

photogenerated electrons in the CB transfer to the Ni2P states where they are involved in the 

photocatalytic reduction of NO3.  

Since the photocurrent is proportional to stoichiometric 2:1 H2/O2 generation, according to the 

two half reactions of the water splitting process on a SC photocatalyst (Eq. 4.11-4.12). 

 4𝐻+ + 4𝑒𝐶𝐵
− → 2𝐻2  (4.11) 

 

 2𝐻2𝑂 → 4ℎ𝑉𝐵
+  + 𝑂2 +  4𝐻+  (4.12) 

 

As the applied potential increase and the forward reactions for O2 generation proceed. O2 

generation should dominate since the nitrogen content at the surface is limited, compared to the 

high OH- content in the alkaline electrolyte. Once the nitrogen species desorbs from the surface, 

the OER could proceed on the now vacant active site and/or the adsorbed intermediates would 

no longer contribute to N2/NOx formation in competition.  
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4.5. Titanium 

 

 

The titanium, Ti 2p XPS spectra are included in Fig. 4.4, comparing before and after PEC. Two 

peaks originate due to spin orbit coupling where the Ti 2p states are resolved as the 2p3/2 (lower 

energy) and 2p1/2 (higher energy) contributions. The spectra do not shift in position with respect 

to binding energy, suggesting that Ti does not change its formal oxidation state. Peak fitting 

analysis suggests two peaks contributions for both the 2p3/2 (peaks 1 and 2) and 2p1/2 (peaks 3 

and 4) signals, the fitting parameters are included in the appendix (section 4.8). The two peaks 

suggest there are two environments for Ti: TiO5-xN1+x and TiO6 (Fig. 5.4b-c). There is no 

suggestion of titanium 3+ or mixed valence 3.5+, solely Ti 4+ in two different octahedra binding 

environments. Referencing to reported binding energies, we can assign the following peaks 1 

and 3 to TiO5-xN1+x, and peaks 2 and 4 to a TiO6 environment. These peak positions do not shift 

in position after PEC suggesting that the valence state of Ti does not change. However, there 

are changes in the ratios of these peaks after PEC. These changes are likely due to the local 

structural change surrounding Ti when some nitrogen is lost and replaced with O changing the 

ratio of TiO5-xN1+x and TiO6 like environments in the oxynitride. 

 

The splitting between peaks 1-3 and 2-4, both corresponds to 5.8 eV.  For TiN (3+) the peak 

splitting is 6.0 eV and in TiO2 (4+) the peak splitting is 5.7 eV. This would support that Ti is 

more TiO2 like, with the 0.1 eV difference due to the N substitution and hybridisation with Ti, 

forming the oxynitride. After PEC, the peak splitting remains constant at 5.8 eV, also 

suggesting no oxidation or reduction of the titanium atoms. Further evidence for Ti stabilised 

in the 4+ and not mixed oxidation states is that upon the loss of nitrogen and replacing with O 

and even with O/N vacancy generation, Ti should reduce. Where, N3- is replaced by either/or 

O2- / Vo2+. If we ascribe the peak contributions to 3+ and 4+, as seen common in literature. 

After PEC, one would expect the contributions of peaks 1 and 3 to increase and, peaks 2 and 4 

should decrease. However, experimentally we see the opposite, suggesting N loss and increased 

O content, where the total electron density surrounding Ti does not change hence, why we 

observe no shift in the XPS or XAS spectra.   
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Fig. 4.4. (a) Ti 2p XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) peak fitting before PEC, (c) after PEC, (d) schematic representation of 

suggested changes to Ti octahedra. 

 

Titanium 3+ vs. Titanium 4+ debate 

 

Suhadolnik et al.146 show an example of titanium oxynitride (TiOxNy) samples measured by 

XPS where they report mixed oxidation states for Ti (2+, 3+, 4+), where it is apparent due to 

severe broadening of the Ti 2p peak, included below in Fig. 4.5. Where the difference in EB 

between the 4+ and 3+ peak centroids corresponds to ca. 1.6 eV and between 3+ and 2+, ca. 

1.2 eV (no access to the data). Avasarala and Haldar147 looked at the electrochemical oxidation 

of TiN and noted broad Ti 2p XPS spectra due to the mixed oxidation states of Ti, included in 

Fig. 4.6 below. In LTON the peak separation between peak 1 and 2 corresponds to 1 eV, the 

separation does not change after PEC. Further evidence, that Ti in LTON has the formal 4+ 

oxidation state with a TiO6 and a TiO5-xN1+x like environments. Neither reduced nor oxidised 

after PEC.  



Chapter 4: Oxygen and Nitrogen, the last two puzzle pieces 

 

95 

 

 

Fig. 4.5. (a) XPS spectra of titanium oxynitride electrocatalyst (a), N 1s spectrum (b) and Ti 2p 

spectrum (c). Reproduced from Ref146.  

 

Fig. 4.6. Deconvoluted Ti 2p XPS spectra of: (a) untreated; (b) treated TiN NP electrode. 

Reproduced from Ref147.  
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4.6. Lanthanum 

 

The La 3d spectra (Fig. 4.7) shows two doublet features due to spin-orbit coupling 

corresponding to the 3d5/2 (835 eV) and the 3d3/2 states (852 eV). The doublet features arise due 

to the three environments/final states after the photoemission of the La 3d electron. These 

correspond to 3d94f0 and 3d94f1L bonding and the 3d94f1L antibonding environments 

corresponding to solid, dashed and dotted lines respectively for both the 3d5/2 and 3d3/2 states. 

Where L represents charge donated from a ligand valence orbital, O 2p in this case. The peak 

separations ∆E1 and ∆E2 depend on the bonding and anti-bonding character of the interactions. 

Smaller energy differences reflect increased mixing and hybridisation between the La states 

and the ligand O2p states.  

 

The peak fitting models shown in parts b and c are in good agreements with the data however, 

the La 3d spectra also include the contributions of lanthanum Auger peaks.148 Since the XPS 

data was not measured using both Al Kα and Mg Kα radiation sources, the peak fitting models 

do not include the estimation of the Auger peaks. Therefore, due to uncertainty, we have not 

considered the peak areas, FWHM’s and ratios.  

 

 

Fig. 4.7. (a) La 3d XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) peak fitting before PEC, (c) after PEC.  
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The peak separation, ∆E5/2-3/2, between the two main peaks remains constant. However, the peak 

separation for both doublets slightly increases in energy by ca. 0.1 eV. Due to the increased 

contributions of the 3d94f1L bonding final states (middle peaks). Where, there is increased 

charge transfer between the ligand and the La 4f states. This effect is also, reflected in the 

intensities of the two doublet peaks showing a decrease for the antibonding 3d94f1L 

contributions and an increase in the 3d94f0 main peaks. This suggests two things; changes in La 

– O 2p / N 2p hybridisation and secondly, changes in charge transfer between the L the 4f states 

after PEC. This, in conjunction with the SX-ARPES, and the XPS O 1s spectra, also suggests 

changes in La – O 2p hybridisation, after the loss of  La - N 2p states. 

 

The La 4d spectra before and after PEC comparisons are included in Fig. 4.8a. Two peaks can 

be seen at ca. 102.8 and 105.8 eV corresponding to the La 4d5/2 and 4d3/2 spin orbit coupling. 

As mentioned previously due to La auger peaks, and the fact that the peak fitting model should 

include a minimum of 6 considering the final states: 4d94f0 and the 4d94f1L bonding and 

antibonding states as previously discussed149. However, since many states overlap (Fig. 4.8b-

c) there is a degree of uncertainty that should be taken into account. That said, qualitatively the 

peak separation increases slightly and the intensity of the antibonding final state contributions 

decrease, similar to the effect seen for the La 3d spectra. 

 

 

Fig. 4.8. (a) La 4d XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) peak fitting before PEC, (c) after PEC.  

However, the antibonding states have greater intensity for the La 3d states compared to the La 

4d states (Fig. 4.7-4.8), with respect to their ratios with the main peaks. This effect has 
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previously been described by 149 as a weaker interaction between the core hole and the 4f 

orbitals for the outer core levels with lower binding energy (4d vs 3d). Therefore, the 4f orbitals 

should have less hybridisation and interaction with the valence band states, explaining the lower 

intensities between the La 3d and La 4d states.  

 

The La 4p spectra are included in Fig. 4.9, with peak fitting before and after PEC shown in 

parts b and c, respectively. Peak analysis of La 4p is again difficult, due to the final states and 

the fluctuation of the 4p1 electron with d and f states upon photoemission of a core electron. 

The main peak is attributed to the final state 4p15d0, the two satellites at higher binding energy 

correspond to the 4p15d1L bonding and antibonding contributions (ignoring any f final state 

contributions). In general, lanthanum is complex due to the existence of the f orbitals. Where, 

the f final states create uncertainty in peak fitting. However, generally for the La 3d, 4d and 4p 

spectra we see a slight shift in energy of the main peaks by ca. 0.1 eV and a decrease in the 

antibonding satellites suggesting changing hybridisation with the N 2p and O 2p states.  

 

 

Fig. 4.9. (a) La 4p XPS spectra before and after PEC comparison shown in blue and red 

respectively, (b) peak fitting before PEC, (c) after PEC.  
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4.7. Conclusion  

 

The cumulative area for the O1s peak fitting suggests that, after PEC there is an increase in the 

total oxygen content by ca. 17% on/at the LTON surface. The total increase in oxygen is due to 

the increased concentration of O species under OER conditions adsorbing/chemisorbing on the 

surface. We observe in the N 1s XPS spectra, the formation of N2/NOx chemisorbed species, 

which suggests, competitive reactions between the surface lattice N and the OER intermediates. 

 

As the applied potential increases and the forward reactions for O2 generation proceed, O2 

generation should dominate since the nitrogen content at the surface is limited, compared to the 

high OH- content in the alkaline electrolyte. Once the nitrogen species desorbs from the surface, 

the OER could proceed on the now vacant active site and/or the adsorbed intermediates would 

no longer contribute to N2/NOx formation in competition.  

 

The titanium, Ti 2p XPS peaks do not shift in position with respect to binding energy, 

suggesting that Ti does not change its formal oxidation state (as suggested in chapter 2 and 3). 

However, there are changes in the ratios of these peaks after PEC. These changes are likely due 

to the local structural change surrounding Ti when nitrogen is lost and replaced with O changing 

the ratio of TiO5-xN1+x and TiO6 like environments in the oxynitride. 

 

In general, the XPS, XAS and SX-ARPES data suggest an increase in La – O 2p hybridisation 

likely due to La – OH formation and secondly, changes in charge transfer between the La 4f 

states. We also observe changes in electron density (binding energy shifts), suggesting that La 

retains partial 5d1 electron density and behaves like a transition metal, albeit a weak one. Where 

it is then likely then that the formation of LaOH/LaO(OH) would then not only contribute to 

overall O2 evolution144 but possibly also help to stabilise and/or minimise, vacancy induced 

surface reconstruction.145 However, as discussed for Ti, it then likely would also facilitate in 

N2/NOx formation and drive the N loss from the surface layer(s).  
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4.8. Appendix 

 

C 1s XPS calibration 

 

The XPS spectra in this work were all calibrated using the C1s peak signal situated at 285.9 eV 

for the comparison between before and after PEC characterisation. The C1s spectra is included 

below in Fig. 4.10a. The carbon signal arises, due to adventitious carbon (surface contamination 

of hydrocarbons) due to exposure to air. In part b, the time-dependent SX-ARPES 

measurements show small changes upon exposure to the X-ray beam, previously associated to 

the slight oxidation of hydrocarbons. 

 

 

Fig. 4.10. (a) C 1s XPS spectra showing adventitious carbon, before and after PEC comparison 

used as calibration, (b) Angle-integrated plot of the LTON VB measured at the Ti L3 edge after 

exposure to the X-ray beam over time (as shown in Fig. 3.7). 
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Supplementary Tables 

Table 5. Peak fitting parameters for O1s before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

PEC 

Area 

 

FWHM 

 

Energy 

(eV) 

After 

PEC 

Area 

 

FWHM 

Peak 1 530.6 66186 1.13 530.5 64366 1.22 

Peak 2 532.5 21127 1.62 532.2 36607 2.11 

Peak 3 533.4 3165 1.02 533.4 1927 1.16 

Peak 4 534.1 459 0.55 534.1 3569 0.58 

  90937   106469  

 

Table 6. Literature sourced XPS data for O 1s. Where (L), (C) and (i) correspond to lattice, 

chemisorbed and interstitial respectively.  

Peak Component Energy (eV) Reference 

1 TiO2(L) 528.2-531.1 150, 151, 152, 153, 154, 

155, 156, 157, 158, 159, 

160, 161 

2 Ti-N-O(L) 531.0 

531.3 

531.4 

531.6 

531.6 - .7 

532 

156 
159 
150 
155 
162 
154 

 
OH 530.9-532 

531.3 

531.4 

531.5 

531.6 

532.1 

532.4 

163 
159 
150 
157 
160, 161 
158 
156 

3-4 NOx(c) 532.5-533.5 

533.2 

163 
164 

 
H2O(c) 533.0 

533.3 

533.7 

533.9 

534.7 

160 
158 
161 
153 
165 
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Table 7. Peak fitting parameters for N1s before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

Area 

 

FWHM 

 

Energy 

(eV) 

After 

Area 

 

FWHM 

Peak 1 396.3 10012 0.99 396.4 5816 1.07 

Peak 2 397.4 277 0.73 397.4 453 1.36 

Peak 3 400.7 445 1.35 400.6 875 1.82 

Peak 4 402.2 460 1.92 402.5 1439 1.65 

Peak 5 - - - 403.6 785 1.46 

Peak 6 - - - 408.3 644 1.59 
  

11092 
  

10012 
 

 

Table 8. Literature sourced XPS data for N1s. 

Peak Component Energy (eV) Reference 

1 N(L) 396-397.5 150, 164, 166, 167, 168, 

169, 170, 171, 172, 173 

2 α-N2(c) 397.5 164 

3 NO(i) 399.8 170 

 
NO(c) 400 

400.4 

400.9 

401  

174 
169 
175 
168  

4 γ-N2(c) 401.8 

403 

405 

405.5 

150 
170 
164 
176 

5 NO2(c) 402 

403.5 

403.6 

404.6 

168 
168 
173 
177 

6 NO3(c) 

 

406.9 

407 

407.2 

407.4 

408.3 

178 
151 
171 
173 
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Table 9. Peak fitting parameters for Ti2p before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

PEC 

Area 

 

FWHM 

 

Energy 

(eV) 

After 

PEC 

Area 

 

FWHM 

Peak 1 457.9 21703 1.22 457.9 8563 1.15 

Peak 2 459.0 20058 1.33 459.0 32203 1.35 

Peak 3 463.7 8271 1.59 463.7 8552 1.74 

Peak 4 464.8 10084 1.93 464.8 9830 1.75 

  60116   60148  

 

Table 10. Literature sourced XPS data for Ti 2p3/2. 

Peak Component Energy (eV) Reference 
 

Ti 3+ 455.2 

455.3 

455.5 

455.6 

455.8 

456.5 

456.7 

179 
150, 171 
158, 159 

152 
162 
151 

170, 172 
 

Ti 3.5+ 

456.8 171 

1 TiO5-δN1+δ 456.8 

457.1 

457.4 

457.6 

457.7 

158, 159 
152 
179 

162, 179 
172 

2 Ti 4+ 
458.2 

458.3 

458.5 

458.6 

458.8 

458.9 

459.0 

459.1 

 
151 
154 
156 
171 

152, 153, 170 
158, 159, 172 

179 
150 
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Table 11. Peak fitting parameters for La 3d before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

PEC 

Area 

 

FW 

HM 

 

Energy 

(eV) 

After 

PEC 

Area 

 

FWHM 

Peak 1 835.1 106931 2.32 835.2 108443 2.11 

Peak 2 837.3 72393 2.80 837.4 62195 2.54 

Peak 3 839.6 97325 2.19 839.5 90121 2.06 

Peak 4 851.9 63314 2.20 852.0 53497 1.86 

Peak 5 854.1 57943 3.53 853.9 67021 4.12 

Peak 6 856.5 50524 2.05 856.5 41953 1.84 

 

Table 12. Peak fitting parameters for La 4d before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

PEC 

Area 

 

FWHM 

 

Energy 

(eV) 

After 

PEC 

Area 

 

FWHM 

Peak 1 102.8 45351 2.07 102.9 44850 2.05 

Peak 2 104.0 2409 1.27 103.9 255 0.40 

Peak 3 105.6 323 0.61 104.4 2137 0.98 

Peak 4 105.7 49837 2.46 105.7 35055 2.08 

Peak 5 107.5 24095 3.16 107.1 27705 3.00 

Peak 6 109.9 2727 2.34 109.9 6802 2.35 

 

Table 13. Peak fitting parameters for La 4p before and after PEC 

 

Component 

 

Energy 

(eV) 

Before 

PEC 

Area 

 

FWHM 

 

Energy 

(eV) 

After 

PEC 

Area 

 

FWHM 

Peak 1 196.2 17562 2.21 196.3 15590 2.11 

Peak 2 198.7 13164 3.28 198.3 10542 3.25 

Peak 3 200.7 4183 2.19 200.5 4761 2.35 
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Chapter 5: Experimental platform for operando GIXAS at 

the solid-liquid interface 

 

 

 

 

 

5.1. Preamble 

 

 

This chapter focuses on the design and fabrication of a reactor cell for operando GIXAS at the 

solid-liquid interface. As a case example, we study the surface modification of SrTaOxNy 

oxynitride, building on what we have learnt from the previous chapters. Opening up, an 

experimental platform for operando GIXAS measurements at the solid-liquid interface of thin 

films, not limited to oxynitrides.   

 

The results in this chapter will submitted for publication by the following authors: Craig 

Lawley, Zahra Pourmand Tehrani, Adam H. Clark, Olga V. Safonova, Max Döbeli, Vladimir 

N. Strocov, Thomas J. Schmidt, Thomas Lippert, Maarten Nachtegaal and Daniele Pergolesi.   

Entitled: “Protagonists and spectators during photocatalytic solar water splitting with 

SrTaOxNy oxynitride.” (In preparation).  
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5.2. Introduction 

 

Independence from the reliance on fossil and nuclear fuels requires the sustainable production 

of green energy and chemicals. As an alternative, utilisation of solar energy is possible by 

several means: solar thermal applications,7 the direct conversion to electricity (photovoltaic),8 

or storage in the form of chemical energy as solar fuels.10 One promising clean energy carrier 

and renewable fuel source is hydrogen harvested from photoelectrochemical (PEC) water 

splitting.1, 2, 11  

 

PEC water splitting requires the use of semiconductor (SC) photocatalysts that utilise solar light 

energy to generate electron/hole pairs. After reaching the surface, in contact with water, these 

charge carriers can be used to dissociate water molecules directly into molecular hydrogen and 

oxygen17. Perovskite oxynitrides are a promising class of SC materials for solar light driven 

water splitting. These materials have the general formula ABO3-xNx (where A can be La, Sr, 

Ba, Ca, etc., and the B site: Ti, Ta, or Nb for example). The substitution of N into the O site of 

the precursor oxides affect the energy position of the band edges, reducing the band gap down 

to the visible light energy range.180 Moreover, in this class of compounds, the photogenerated 

electrons and holes, both possess enough energy to promote the hydrogen and oxygen evolution 

reaction, respectively.  

 

The majority of studies to date focus on the characterisation of the photocatalytic properties of 

these materials in the form of powders, 30, 63, 64 since powder development and optimisation is 

the primary way to device design and engineering. However, with powder samples, probing 

specific material properties is challenging. For example, the polycrystalline oxynitride powders 

do not provide well-defined surfaces to allow detailed studies of the solid-liquid interface, 

where the electrochemical reactions take place. The understanding of the catalytic process at 

the solid-liquid interface of oxynitride materials is therefore limited, as a result. A way to 

circumvent this limitation is the growth of thin films. By physical or chemical vapour deposition 

methods, it is possible to fabricate thin films with well-defined and atomically flat surfaces, 
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therefore representing ideal model systems that allow the investigation of the surface and 

interface properties.  

In this work, we present an operando study of the evolution of the photocatalyst 

semiconductor/water interface during photoelectrochemical solar water splitting using 

SrTaOxNy (STON) thin films. Grazing incidence X-ray absorption spectroscopy (GIXAS) 

coupled with modulation excitation (ME)-XAS were used to increase the surface sensitivity, 

whilst probing epitaxially grown STON thin films with a custom designed operando reactor 

cell. This technique and experimental setup allow us to probe, during operation conditions, the 

changes of the local chemical and geometric environment surrounding the A- and B-cations of 

perovskite oxynitrides near and at the solid-liquid interface. 

 

Due to the attenuation of X-rays by the aqueous electrolyte, it is not feasible to extend this study 

to the O and N anions, since the O 1s and N 1s edges are too low in energy (543.1 eV and 409.9 

eV, respectively). Therefore, complimentary ex-situ X-ray photoelectron spectroscopy (XPS) 

has been included in conjunction with operando GIXAS, to observe all four elements (Sr, Ta, 

O, and N) in their initial and final states. With this experimental strategy, we are able to show 

that it is possible to achieve a better understanding of the physicochemical processes occurring 

at the oxynitride-liquid interface, leading to a degradation of the photocatalytic activity. Our 

findings can be of great importance for the rational design of stable oxynitride SC’s for solar 

water splitting 

 

5.3. Photoelectrochemical Water Splitting 

 

 

The splitting of water into molecular H2 and O2 is an energetically unfavourable reaction. It 

requires a standard Gibbs free energy change of + 237.2 kJ mol-1, which also corresponds to a 

potential of 1.23 eV per electron. Moreover, for both half reactions of the solar water splitting 

process to proceed, that is the hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER), first the kinetic overpotentials must be overcome. Therefore, a suitable SC 

material for visible light PEC water splitting should have (a) a band gap (Eg = ECB – EVB) in the 
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range of 1.6 – 2.4 eV to sufficiently utilise the solar spectrum and drive the reactions, and (b) 

energy position of the band edges appropriately aligned with respect to the HER and OER redox 

potentials.  

As mentioned above, a number of oxynitride perovskite materials possess these characteristics, 

making them ideal candidates for PEC solar water splitting.30, 63, 76, 180, 181 Thin films of these 

materials provide excellent model systems to probe the physical and chemical evolution of the 

surface of the SC, in contact with water. Fig. 5.1 shows the energy diagram schematic for PEC 

water splitting using a STON thin film as a light harvesting SC photocatalyst and TiN as the 

current collector. In Fig. 5.1a, we see that upon light irradiation with photons with an energy 

(hv) > 1.23 eV, the photon is absorbed promoting a photoexcited electron (e-) from the valence 

band (VB) to the conduction band (CB). The photoelectrons travel via a TiN current collector 

layer and external circuit where they are involved in the HER using a platinum counter electrode 

(cathode). The generation of a photoelectron leaves behind a photogenerated electron hole (h+) 

which migrates towards the surface of the SC oxynitride where it is then involved in the OER. 

 

Fig. 5.1b shows the three-electrode configuration used in this work, where the STON SC 

photocatalyst is used as a photoanode to study the OER, a platinum counter electrode used for 

the HER half reaction, and a Ag/AgCl reference electrode is used to control the applied potential 

on the working electrode. The electronic current between the working and counter electrodes is 

called the photocurrent and the photocurrent is proportional to the amount of molecular H2 and 

O2 produced. The photocurrent is defined as the current response under light conditions minus 

the current response under dark conditions. More in-depth experimental details are included in 

the corresponding methods section. 

 

Fig. 5.1c shows the PEC performance of the STON oxynitride thin films, the initial 

photocurrent reaches a photocurrent density of ca. 12 μA cm-1 at 1.5 V vs. reversible hydrogen 

electrode (RHE). This value is in line with previous reports on oxynitride thin films using the 

bare SC material without surface decoration with co-catalyst, which dramatically facilitate hole 

extraction. On the one hand, the N content of textured thin films is typically lower than the 

stoichiometric value that can be obtained with powder samples.182 This reduces the thin films  
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Fig. 5.1. (a) Energy diagram for photocatalytic water splitting, (b) experimental 

schematic of the photoelectrochemical three-electrode cell.  The working, counter and 

reference electrodes are the oxynitride thin film, platinum wire and Ag/AgCl 

respectively, (c) photocurrent densities for STON for the first three-potentiodynamic 

measurements, (d) photocurrent degradation from part c, values taken at 1.5 V vs. RHE.  

 

photoresponse to visible light illumination. On the other, the thin films possess atomically flat 

surfaces compared to the corresponding oxynitride powders. Therefore, the surface area is ca. 

20 times smaller than it would be in their powder forms.62 

 

However, after successive measurements (potentiodynamic sweeps) the material shows 

significant degradation in its initial performance. The stabilised photocurrent density shows 

values ca. 40% of its initial value. The sudden and large degradation in performance is a huge 

hindrance for the application of a material that initially seems quite promising. Some studies 

have already looked at ways of improving the performance and long-term stability of STON64, 
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183, 184 by doping constituent elements and/or decorating the surface with co-catalyst 

nanoparticles. Probing the physicochemical evolution of the surface under operation conditions 

will provide insight into what physical and chemical processes occur at the surface during the 

OER and therefore, allow a rational design of stable STON.  

 

5.4. Oxynitride thin films 

 

The STON thin films were fabricated using a modified pulsed laser deposition technique 

described in previous works,72 followed by post annealing in NH3 for 1 hour. The epitaxial 

oxynitride STON films were deposited on titanium nitride (TiN) coated magnesium oxide 

single crystal substrates (001) oriented. Rutherford back scattering (RBS) and Elastic recoil 

detection analysis (ERDA) determined the chemical compositions of the STON thin films as 

Sr0.94Ta1.06O2.80N0.31. The experimental uncertainties for Sr and Ta are ± 2% (RBS) and ± 7% 

for O and N (ERDA). The full results have been included in Fig. 6.2. The O:N ratio of ca. 10 is 

in line with previous examples of highly ordered oxynitride thin films, since there is a trade-off 

between overall nitrogen content and crystalline quality,70 where films with larger N contents 

tend to be more disordered. 

 

From Fig. 5.3, it can be seen that the TiN buffer layer grows (001) epitaxially oriented on the 

MgO substrate. The (002) reflex of TiN is visible as a shoulder on the left-hand side of the peak 

of the substrate (part b). Fig. 5.3, also shows that STON grows epitaxially on the TiN buffer 

layer72 with the (hkl) reflexes (002) and (004) appearing at 2θ values of ca. 21.8° and 44.2°, 

respectively. The angular position of the (00l) reflexes of the perovskite SrTaO2N have been 

marked in blue as reference from the Inorganic Crystal Structure Database (ICSD). Both the 

002 and 004 reflexes of the STON thin film are slightly shifted to lower 2θ values compared to 

the SrTaO2N reflexes. 

 

This is due to the combined effect of a difference in N content to the stoichiometric reference 

and the crystalline constrain (lattice mismatch between the substrate and film) induced by the 

TiN-coated MgO substrate. The perovskite structure of STON remains stable, within a large 
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range of N content. However, the cell parameters can be significantly affected since the N 

content affects the Ta-O-Ta dihedral bond angle and ultimately, the overall distortion of the 

cell. To characterise how the OER modifies the physicochemical properties of the surface of 

our STON films, we first used XPS to compare changes of the oxidation state of all four 

elements before and after PEC testing. 

 

Fig. 5.2. (a) Rutherford backscattering (RBS) spectrum, (b) elastic recoil detection analysis 

(ERDA) spectrum. The cation ratios were determined by RBS and the O:N ratio by ERDA.  

  

Fig. 5.3. (a) XRD pattern of the epitaxially grown STON film, the θ/2θ scan is shown in black, 

with the angular position of the (00l) reflexes of SrTaO2N shown in blue for reference. The 

inset shows the crystal structure of SrTaO2N, (b) Magnified region from data shown in part a.  
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5.5. X-ray Photoelectron Spectroscopy 

 

The XPS spectra for all four elements are shown in Fig 5.4, for peak fitting analysis the reader 

can refer to supplementary Fig. 5.11 and the supplementary tables. Fig 5.4a shows the carbon 

signals that arise due to adventitious carbon, present during the ex-situ transfer of the samples. 

After PEC, the intensity of the main peak reduces suggesting the oxidation/loss of the carbon-

based surface contaminates after exposure to the electrolyte and/or X-ray beam. The shoulder 

features result from C-O and O-C=O like environments. Although, the intensities of the main 

peak reduce in intensity after PEC, suggesting that the total number of C based species are 

reduced after PEC, the peak fit suggest that the shoulder C-O contribution increases after PEC, 

likely due to oxidation during the PEC reaction. With respect to oxygen, after PEC, the O 1s 

spectra (Fig. 5.4b) exhibits a large increase in the intensity of the main peak and shoulder 

feature(s). The shoulder feature is observable on the high-energy side of the asymmetric O 1s 

lattice peak at ca. 531.5-534 eV. It is likely in reality that there exists a number of O based 

chemical environments (lattice O, SrO, C-O, OH and H2O). Trying to estimate these 

environments would produce a high degree of uncertainty in the peak fit models. However, 

peak fitting suggests a minimum of two chemical environments likely associated with 

chemisorbed OH and/or H2O species. In addition, after PEC the integrated area under of the 

shoulder increases, suggesting an increase in hydrophilicity of the surface. The increased O 

content suggests that any lattice vacancies generated at the surface/surface layers are self-healed 

under OER conditions by oxygen based species.114 

 

For the Sr 3d spectra (Fig.5.4c), peak fitting suggests that the epitaxial STON thin films as 

grown exhibit a preferential AO (SrO) termination, also noted for various perovskites using low 

energy ion scattering (LEIS)93, 115, 116, 117, 139 and XPS93, 185, 186. Under ambient 

conditions/aqueous environment, Sr should be covered in OH adsorbates. After deprotonation 

(slow step) the OER would proceed, leaving vacant oxygen cavity on Sr, assuming the 

traditional 4-step mechanism for the OER. 187 However, SrO is partially soluble in water to 

form ionic Sr2+ and 2 OH-. Therefore, dissolution and leaching of Sr2+ into the electrolyte would 

be expected188. Especially, in an alkaline medium such as NaOH/H2O with a pH of 13.  
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Figure 5.4. STON thin film XPS spectra before and after PEC. (a) C 1s, (b) O 1s, (c) Sr 3d, 

(d) Sr 4s, (e) Sr 4p, (f) Sr 3p, (g) Ta 4d, (h) Ta 4f, (i) N 1s and Ta 4p edges.  

 

 

After PEC, the peak fitting suggests a large decrease in the SrO content at the surface and an 

overall increase in peak area and intensity for the remaining Sr XPS spectra (Fig 5.4c-f). It has 

previously been shown, that an increase in XPS peak intensity can result from Sr 

segregation/accumulation189, 190 as well as, with increased doping concentrations191. Peak 

intensity/area increases are also observed due to Sr particle/Sr surface species formation.189, 190 

Therefore, the increase in Sr signal in this work is likely due to the loss of SrO and the apparent 

enrichment of the Sr lattice contribution.  
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Fig. 5.4g-i, include the Ta 4d, Ta 4f, and Ta 4p edges respectively.  From peak fitting the Ta 4d 

spectra suggests one binding environment, which is the lattice Ta contribution. After the PECR, 

this intensity and area of the Ta 4d peak increases as seen for the lattice Sr contributions. This 

suggests that after the loss of SrO the underlying lattice Ta appears enriched by XPS. The Ta 

4f spectra (Fig. 5.4h) exhibits two peaks due to the Ta 4f5/2 and 4f7/2 contributions. The peak 

fitting analysis suggests that there are two Ta binding environments for both the 5/2 and 7/2 

peaks corresponding to TaOx and TaOxNy like environments (supplementary Fig. 5.11) which, 

after the PECR, the peak contributions of TaOxNy decrease and those of TaOx increase. Again, 

like the O1s spectra, suggesting a slight loss of nitrogen and an increase in the overall oxygen 

content at the surface/surface layers of the thin film. The energy positions of the peaks suggest 

a slight reductive shift by ca. +0.15 eV. However, the Ta 4d spectra in Fig. 5.4d show an 

increase in the FWHM and peak intensities, but no shift in energy position or peak separation. 

The shift in the Ta 4f spectra may then also be related to the changing O/N, resulting in disorder 

and differences in the charge transfer between the Ta 4f final states and the O 2p / N 2p orbitals. 

This then shifts the mid gap f band higher towards the CB or above,192 leaving the 4d core states 

unchanged. The increase in intensity observed could be a result of apparent lattice Ta 

enrichment due to the O/N vacancy generation exposing the subsurface B sites.139 It could also 

be a result of SrO leaching, also exposing the subsurface Ta on average. Since Sr is more soluble 

than Ta and, it has been shown that Ta is passive in alkaline electrolytes with concentrations 

2.5x stronger than used in this work.193  

 

The electronic configuration of Ta0 is [Xe] 4f145d36s2 and that for Ta5+ should then consist of 

[Xe] 4f14+
. This may then explain, the changes in charge transfer and hybridisation between the 

Ta 4f and O/N 2p atomic orbitals as observed in this work and suggested by the peak fitting 

analysis. This is also interesting as the f orbitals are typically ignored when considering the 

density of states (DOS) using density functional theory (DFT) calculations for materials due to 

the complexity, time and cost involved in the computation of the f states.  

 

The Ta 4p3/2 is observed as a broad peak at ca. 404-405 eV (Fig. 5.4e). However, the Ta 4p3/2 

spectrum overlaps with the N 1s signal in the energy region at ca. 402-408 eV which contains 

the N 1s information regarding interstitial and/or chemisorbed NO, NO2, NO3 and N2, making 
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the peak analysis difficult. The N 1s Ta-N lattice signal can be seen as a sharp peak at ca. 396.1 

eV. After the PECR, the broad peak in the region, which contains the convoluted N 1s and Ta 

4p3/2 signals increases significantly suggesting an increase in the number of electronically 

decoupled N states. As well as, the apparent lattice Ta enrichment as seen previously.  

 

At ca. 407.5 eV there is a small but obvious increase in intensity belonging to a different Ta/N 

binding state, which is likely a contribution due to chemisorbed NO3 according to literature 

reports (supplementary Fig. 5.11). It is therefore assumed that NO and NO2 would contribute 

to the overall increased intensity/peak area observed, where the O(OH) OER intermediate 

formed during the reaction likely oxidise the NOx species in competition with O2 evolution. 

This would reduce the overall efficiency of the material, and chemisorbed NOx species would 

occupy possible active sites. This, in conjunction with the surface reconstruction after the loss 

of SrO and the changing N/O content, could explain the large degradation in initial photocurrent 

observed. Likely hampered by side reactions and charge recombination.  

 

Clearer evidence of NOx formation for the oxynitride LaTiOxNy can be seen by XPS in a 

previous work70, and as discussed in chapter 4. Where, Ta does not convolute the N 1s signal. 

We also observe evidence for the depletion of N states from the lattice structure using SX-

ARPES (chapter 2). Overall, the XPS analyses of the initial and final state of the STON 

photocatalyst suggest that STON suffers from a surface degradation and reconstruction, which 

lead to a dramatic decrease in photocurrent (Fig. 5.1c). This process involves (a) loss of N from 

the structure (including interstitial N), where N remains partially chemisorbed as N2/NOx 

species, (b) an increase in electron density on Sr (c) Ta enrichment/exposure with an increase 

in disorder of its local environment due to changes in hybridisation with the N and O 2p states. 

Next, we explore the effect of several external stimuli (applied potential and light) on the 

surface of the oxynitride SC under oxygen evolution reaction conditions by operando XAS in 

liquid phase. 
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5.6. Operando reactor cell 

 

The operando XAS measurements were performed in a custom-built reactor cell designed and 

fabricated at the Paul Scherrer Institute for the specific purpose of operando GIXAS in aqueous 

electrolytes for thin films. The cell design is included in Fig. 5.5. The cell is made of polyether 

ether ketone (PEEK), a thermoplastic with high mechanical and chemical stability, allowing 

the use of most common acidic/alkali based aqueous electrolytes. 

 

Fig 5.5. (a) trimetric view of the cell and GIXAS geometry used during measurements, where 

the grazing incident X-rays enter through a Mylar foil covered side window, (b) cross sectional 

internal view. Where, PIPS denotes a passivated implanted planar silicon detector. 
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The X-ray beam illuminates the surface of the sample at grazing angle and the fluorescent signal 

is detected as a cone along the surface normal, as shown in Fig. 5.5a. The surface sensitivity 

that can be achieved in grazing angle geometries considering the incident energy of the X-rays 

is ca. 3 nm.66 The cell is designed to hold thin films grown onto standard substrate sizes. 

Typically, 10 x 5 mm or 10 x 10 mm with a substrate thickness of 0.5-1.0 m. The window 

material used is an optically clear Mylar foil (t= 0.19mm), which allows the transmission of 

visible light onto the sample whilst also allowing > 90% X-ray transmission at the energy ranges 

used in this work (Fig. 5.6).  

 

Fig. 5.6. (a) Transmission of X-rays through optically clear Mylar used as a window material 

for X-rays and visible light, (b) attenuation length of X-rays in pure H2O at an incident angle 

of 1°. Ta L3 edge (9881 eV) has been labelled (Sr K edge at 16105 eV is not shown). Values 

taken from.136 
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The use of Mylar foil as a window provides flexibility in enabling visible light to shine onto 

the sample whilst detecting the fluorescence signal, as well as allowing grazing incidence 

angles of < 1 degree onto the sample surface in an aqueous environment. Synthetic rubber 

pieces clamped into position seal the Mylar foil window to prevent leaks (Fig. 5.5b). On the 

backside (Fig. 5.7) are two threaded openings, allowing the use of an external electrolyte 

reservoir as well as connecting a peristaltic pump or a syringe pump system to circulate the 

electrolyte as required. Alternatively, the cell can use an internal electrolyte reservoir situated 

behind the sample. The cells’ internal reservoir can house both the counter and reference 

electrodes. 

 

Fig. 5.7. (a) Trimetric view, (b) side view, (c) back side with fittings for a peristaltic pump or 

for sealing, (d) front view. The cell was designed and fabricated at the Paul Scherrer Institute 

as part of this work. 
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5.7. Tantalum L3 Edge XANES 

 

Fig. 5.8a shows the XANES spectra recorded ex-situ at the Ta L3 edge (E0 = 9881 eV) for 

BaTaO2N (BTON), STON, and KTaO3 powder samples. These measurements are used as 

reference to understand the corresponding GIXAS measurements performed during OER using 

the STON thin films, as shown in 

 

 

Figure 5.8. Operando GIXAS at the STON-liquid interface (a) Reference spectra for Ta5+ 

oxide and oxynitride powders, (b) operando Ta measurements for STON thin film, (c) reference 

spectra for Sr2+ containing powders, (d) operando Sr measurements. The operando 

characterisations were performed during the chronoamperometry (1 hour) measurements, with 

stepped applied potential. The error bars included in the magnified insert correspond to ± 0.1 

eV. 
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Fig. 5.8b. We use KTaO3 as a reference for this work since the parent oxide of STON, which 

would be Sr2Ta2O7, possesses a different crystal structure, therefore, the electronic structure 

would differ significantly. KTaO3 has a cubic crystal structure like SrTaO2N and BaTaO2N.  

Moreover, in all three cases Ta exists in the 5+ oxidation state, therefore allowing a sensible 

comparison of their electronic structures (Fig. 5.8a). We can see that, compared to KTaO3, for 

the oxynitride powders there is a shift of the edge position (E0) to lower energies by ca. 0.5 eV 

± 0.1. This shift of the absorption edge is not due to the reduction of Ta but rather due to the 

downward shifting of the CB minimum of STON and BTON compared to KTaO3. Since, the 

CB is comprised of Ta 5d orbitals for all three materials.
144 The substitution of nitrogen into the 

oxygen sites affects the Ta-O/N-Ta dihedral bond angle and the overall electronegativity of the 

anions. Both these effects can explain the downward shift in energy of the CBM60, 61.  

 

The increase in intensities for the XANES spectra most likely result from the nitrogen 

substitution. In the cubic perovskite oxide KTaO3, the Ta-O-Ta angle is 180 deg. In the 

orthorhombic oxynitride perovskites, the dihedral bond angle is distorted and its value depends 

on the total N content and the size of the A cation. Therefore, with the lowering of symmetry 

and increased p-d orbital mixing, the 2p-5d transition will be more favourable and reflected in 

the relative intensities of the peaks. 

 

Fig. 5.8b shows the operando XANES measurements performed on STON thin films during 

the chronoamperometry measurements (measuring the photocurrent at a fixed applied potential 

over time). We can see that for all applied potentials, there is no significant change in the 

spectral shape or in the edge position, indicating no change in formal oxidation state. When 

inspecting the magnified inset, there are small shifts in the edge positions to higher energies 

when moving from 1.1 to 1.3 and 1.3 to 1.5 V vs. RHE, corresponding to ca. 0.05 and 0.1 eV 

respectively. It has previously been shown that for various compounds which all contain 

formally Ta5+ species, the edge position can vary by ca. 1.4 eV194 due to the variation of the 

electronic structure and the relative position of the Ta 5d states. Therefore, the small shifts seen 

in edge position for Ta are unlikely to be oxidation of Ta at the surface. Even though oxidation 

states are often valid interpretations due to the correlation between formal oxidation state and 

edge position, 59, 195, 196 the changes shown here are first, within error and second, any small 
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change is likely due to the slight loss of lattice nitrogen and/or the possible formation of NOx 

species at the surface of the STON thin film as suggested by the XPS analysis in this work. As 

previously discussed, upon partial N loss in the surface layer, it will also result in a local loss 

of hybridisation between the Ta 5d and the N 2p states at the VB maximum (Fig. 5.8c). As a 

result, a more ‘oxide-like’ electronic structure forms at the surface as the potential is increased.  

 

It is reasonable to assume that Ta will tend to fulfil its full coordination sphere upon loss of N 

by replacing with O under OER conditions.114 This would also explain why there is no 

significant change in the spectral shape for Ta. There is instead, a slight shift to higher energy 

of the absorption edge. However, the replacement of N3- with O2- should see a reductive shift 

to lower energy for Ta. This again suggests that the charge around Ta is stabilised, like for Ti 

in LaTiOxNy
66, but due to slight changing O/N concentrations at the surface, the Ta octahedra 

undergo a slight disorder. Since the CBM is comprised of delocalised Ta 5d states in STON197, 

the resulting changes in the O/N-Ta-O/N dihedral bond angle and degree of hybridisation, affect 

the conduction band minimum position.60   

 

Strontium K edge XANES 

 

Fig. 5.8c shows the XANES spectra measured at the Sr K edge (E0 = 16105 eV) for Sr 

containing oxide (SrTiO3), carbonate (SrCO3) and oxynitride (STON) powders. Small changes 

in the post edge region and in the intensities of the main peak (16120-16140 eV) can be 

observed and are due to the differences in coordination environment surrounding the Sr 

cations.198 There are also changes of intensity of a broad shoulder in the pre-edge region at ca. 

16108-16115 eV. Pre edge features relate to changes in the local geometry and degree of 

disorder surrounding the absorbing element of interest. Therefore, as one moves away from a 

perfect octahedral environment the pre-edge intensities increase199 and this is observed from 

the perfect octahedral environment surrounding Sr in SrTiO3, to the increasingly disordered 

octahedra in SrTaO2N and SrCO3, respectively.  

 



Chapter 5: Experimental platform for operando GIXAS at the solid-liquid interface 

 

122 

 

Fig. 5.8d shows the operando XANES measurements performed on the STON films during the 

chronoamperometry measurements as described previously. Unlike for the Ta B site, here we 

observe a more significant shift in the edge position due to an increase of electron density on 

Sr2+, with increasing the applied potential from 1.1 to 1.3 V vs. RHE. Increasing the potential 

further from 1.3V to 1.5 V does not show any further significant modification of either the local 

coordination or electronic structures around the Sr cations. The observed shift in edge position 

with potential is not constant, unlike observed for Ta.  

 

Many of these oxides and oxynitride perovskites tend to typically exhibit AO (SrO) surface 

terminations115, 139, 200 rather than BO2 (TaO2). As previously discussed, a Sr/SrOx surface 

initially covered by oxygen adsorbates, would then initially contribute to overall O2 

generation.144 As the potential increases to 1.3 V, the Sr starts to reduce (Fig. 5.8d) likely 

associated with the decoupling of the OER intermediates leaving the adsorption site on Sr 

vacant144 before further adsorption.  

 

However, the degradation in the initial performance of STON and the XPS and XAS results, 

suggests these changes on Sr are permanent and detrimental. When changing the applied 

potential from 1.3 to 1.5 V, we see no significant change, except an overall further reductive 

shift albeit, at a reduced magnitude (Fig. 5.8d insert) within error. This observation could be 

explained by the earlier discussion regarding the deprotonation of Sr as the overpotential 

determining step (ODS). As the potential increases the majority of the Sr species reduce, 

followed by Sr/SrO/SrOH leaching. This disorder would also lead to defect Ta 5d states near 

the CBM which will then trap electrons,201 leading to charge-recombination.202 This, in 

conjunction with changes seen for Sr and the generation of N species in competition with O2 

generation, can explain why there is unusually large degradation in the initial 

photoelectrochemical performance of STON before the material stabilises.  
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Modulation Excitation X-ray Absorption Spectroscopy 

 

In a different and complementary experimental strategy, we performed modulation excitation 

XAS (ME-XAS) to monitor the real time effects of the chemical modification of the surface 

using light as the external stimulus. The description of the experiment can be seen in Fig. 5.9a, 

where the thin film sample is stimulated by periodic modulation of light (chopped illumination) 

whilst time resolved XAS measurements are performed and data collected simultaneously 

during operation conditions at different, fixed potentials. Spectral changes induced by external 

stimuli (light in this case) are often small and/or prone to overshadowing by noise and 

background signals due to the experimental set-up.203 One can improve the signal-to-noise ratio 

by averaging data sets over several modulation periods. Furthermore, improvements in signal-

to-noise ratio can be achieved through analysis of ME-XAS with phase sensitive detection 

(PSD).204, 205, 206, 207 PSD converts time-resolved XAS data into a set of phase (φPSD) resolved 

data akin to a digital lock-in amplifier, enhancing the sensitivity of the ME-XAS experiment to 

spectral responses that match the frequency of the chopped light stimulus. More information on 

the PSD approach is included in the Supplementary Discussion.   

 

Fig. 5.9b shows the chronoamperometry measurements at 1.1, 1.3, and 1.5 V vs. RHE where 

the incident light was modulated with 120-second periods (60 seconds on, 60 seconds off). Fig. 

5.9b has been adapted for sake of clarity, where the photocurrent spikes (labelled light 

ON/OFF), are minimised. At 1.1 V, the photocurrent response is limited, but as the potential is 

increased further the photocurrent response also increases, as expected. However, at 1.3 V there 

is a large increase in the dark current response compared to 1.1 V. This increase degrades over 

time, before minimising after ca. 3000 s. When the potential is stepped to 1.5 V, there is an 

initial increase in the dark current response, which stabilises ca. 1/3 faster than at 1.3 V. There 

is also an overall increase in the stabilised dark current response compared to 1.1 and 1.3 V. 

These increases in the dark current at 1.3 V also coincide with the changes seen in the operando 

XAS data measured at 1.3 V, with the increase of electron density on Sr, resulting in increased 

overpotentials.  
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Figure 5.9. Operando ME-XAS at the STON-liquid interface. (a) schematic of the 

experiment, (b) chronoamperometry measurements performed at 1.1 V, 1.3 V and 1.5V vs. 

RHE, (c) phase resolved spectra (ϕPSD= 0° - 345°) obtained from the modulation experiment 

measured at 1.1 V at the Sr K edge, (d) phase resolved spectra for Sr K edge measured at 1.1 

V, 1.3 V and 1.5 V vs. RHE shown in red, black and blue, respectively, (e) average of spectra 

recorded under illumination and under dark conditions, with the difference and PSD spectra at 

each potential.  
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Fig. 5.9c shows, as an example, the PSD data analysis of data acquired at the Sr K edge for 

STON measured at 1.1 V. The benefit of PSD is the significantly enhanced signal-to-noise 

ratios, as it contains primarily only the signals from the changes due to the external light 

stimulus,208, 209 while spurious effects from inactive species, spectators and noise are filtered 

out.  

 

Fig. 5.9d includes the phase resolved spectra for Sr measured at 1.1, 1.3, and 1.5 V in red, black 

and blue, respectively. Not only can we see that there are small changes due to stimulus with 

light, but there is also a potential dependence. The spectra collected at 1.5 V show decreased 

sensitivity (smaller differences) due to the modulated light stimulus compared to 1.1 and 1.3 V. 

Fig. 5.9e shows an example of averaged spectra collected under illumination and dark 

conditions at one potential, along with the difference of the two plots shown as a solid grey line 

and the PSD spectra shown below.  

 

Upon irradiation with light, photons with sufficient energy are absorbed; generating electrons 

and electron hole pair charge carriers. The charge carriers are subsequently consumed in the 

water splitting process or recombine. The promotion of electrons from the valence band to the 

conduction band will induce small changes in the overall electronic system. This is reflected by 

the change in intensity of the Sr K-edge main peak under illumination (Fig. 5.9e).  

 

We saw for the XANES (Fig 5.8d) that when the Sr species reduce, there is a gain of electron 

density surrounding Sr with applied potential. The electronic configuration for Sr should reflect 

[Kr] 5s2
 and that for oxidised Sr2+ represented by [Kr]. Therefore, as Sr reduces with applied 

potential, one would expect the lower lying energy 5s orbitals to be partially filled compared to 

the 4d states, according to Hund’s rule. Typically, the intensity, especially in the case of L 

edges, is assumed to be related to holes in the d-band. Therefore, an oxidised species with 

electron holes in the d-band would typically exhibit larger intensity of that of a more reduced 

species with a filled d band.210 The Sr K edge transition includes dipole s to p transitions like 

the L edges previously mentioned, however, it also includes quadrupole transitions s > d and p 

> f, complicating the interpretation further. Especially, as these quadrupole transitions should 
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be forbidden due to selection rules. However, due to disorder and p-d orbital mixing, the 

forbidden s > d transitions are observable in the K edge spectra. According to p-DOS, the CB 

for STON is comprised of primarily Ta d states, but also Sr d states and with increasing energy, 

the Sr p and s states.197  

 

This can be reflected visually in Fig.5.8d with the pre-edge features of various Sr containing 

species with, the local coordination surrounding the absorbing Sr showing signs of disorder 

from the perfect octahedral. With increasing degrees of disorder and orbital mixing, the 

intensity of the pre-edge features increases, as the usually forbidden s > d transitions are now 

allowed. Therefore, the main peak intensity may not be solely related to oxidation state and 

holes in the d band, like for the L edges, but also to the effect of the Sr s and p states and, the 

local coordination surrounding Sr. As previously mentioned, due to the highly crystalline nature 

of the epitaxial films, diffraction renders the EXAFS data unreliable to investigate any changes 

in the local coordination environment of Sr. Future work will look at ways to circumvent this 

limitation.  

 

As electron density on Sr increases, the reduced intensity of the PSD data at 1.5 V (Fig. 5.9d) 

may then be related to a) reduced probability for an electron to promote to the Sr states in the 

CB, as they are now partially occupied and/or b) increased recombination of electron hole pairs 

due to the surface reconstruction and the proceeding of the forwards reaction of the OER.  

 

The suggested changes to the surface stoichiometry would result in a surface reconstruction 

that affects the binding energies of the intermediate products (*OH, *O, *OOH). produced 

during OER conditions. The intermediates that adsorb too weakly or too strongly will reduce 

the overall kinetics and, increase the overpotential of the OER.114, 211 At 1.5 V, the applied 

potential overcomes the increased overpotentials, reflected in the increased photocurrent 

response.  

 

Both the A (Sr) and B (Ta) are both described as active sites for the OER mechanism to proceed 

on.144 With Sr covered in OH adsorbates contributing to O2 generation. Deprotonation was 
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shown to be the ODS for STON,144 Therefore, upon deprotonation, most Sr species would exist 

as SrO which, as previously discussed, is partially soluble in the electrolyte. However, unlike 

Sr, the Ta PSD signals never increase above the level of noise (supplementary Fig.5.10). This 

suggests either two things: 1) Ta is not responsive to the light and not involved in the photo 

absorption process, a hypothesis which would contradict available literature144, 182 212 or, 2) the 

kinetics for Ta are faster than those for Sr144 therefore Ta evolves O2 at faster rates.  

 

Conclusion 

 

In this work, we employed operando grazing incidence and modulated excitation X-ray 

absorption spectroscopy to study the effect of several stimuli on STON oxynitride thin films 

during photoelectrochemical water splitting. A comparison with ex-situ XPS of the samples in 

their initial and final states is also included. The XPS analysis suggests (a) partial dissolution 

of SrOx into the alkaline electrolyte, (b) an increase in electron density on Sr, (c) lattice Sr and 

Ta enrichment at the surface, (d) changes in hybridisation with the N 2p and O 2p states. (e) 

Increase in surface hydrophilicity, evidenced by the increased adsorbed OH/O(OH)/H2O 

content, (f) slight loss of N from the structure where N remains chemisorbed as N2/NOx species.  

 

Surface reconstruction under OER conditions has previously been discussed for Sr and Co 

containing perovskite oxide catalysts57, 145, 213, 214 where, the OER proceeds under applied 

potential together with the lattice-oxygen evolution reaction.22, 57 This has been shown to have 

a beneficial effect with respect to the OER due to the formation of an enriched BOH/BO(OH) 

surface, increased hydrophilicity and an increase in catalytic activity.57, 92  For the oxynitride 

STON, we also observe surface enrichment of the B cation (Ta) and increased hydrophilicity. 

However, contrary to oxides, this superficial BOH/BO(OH) enriched surface layer may have 

complications for the oxynitrides. Since, the N 1s XPS analysis of LTON and STON oxynitride 

thin films before and after the PECR, evidence N2/NOx chemisorbed species. As discussed 

previously, likely formed in competitive reactions from the surface lattice N and the OER 

intermediates.  
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Operando GIXAS determined that the surface reconstruction occurs when the applied potential 

increases above 1.3 V vs. RHE. ME-XAS-PSD measurements with modulated light as an 

external stimulus.  It was previously shown for LaTiOxNy that light and the electrolyte do not 

contribute to the degradation of the material.66 However, we observe small changes in the light 

response for Sr, with respect to its electronic structure and its evolution as a function of applied 

potential. Here we show that the nature of the A cation and the evolution of its electronic and 

geometric environment at the solid/liquid interface has large impacts on the overall stability 

and catalytic activity of the material during operation conditions.  

 

We also note that nitrogen determines the bulk electronic structure of oxynitrides and in turn, 

the light absorption properties of the photocatalysts. However, at the surface, the nitrogen 

species take on a more apparent antagonistic role, competing with the OER. To improve the 

performance of semiconductor photocatalysts, it is important to understand on a fundamental 

level what is occurring at the photocatalyst surface during operation.  

 

This study presents the first operando surface sensitive characterisation of the solid-liquid 

interface during the visible light driven oxygen evolution reaction. An important advance, for 

future work to explore in operando, the effect of applied potential and the synergistic effects 

first row transition metal-based co-catalysts have on the performance and stability of the 

oxynitride photocatalyst templates, where it has been shown that passivation layers and co-

catalysts can prevent/minimise the detrimental surface reconstruction. The operando studies 

are not limited to the visible-light responsive oxynitrides thin film photocatalysts. Operando 

surface sensitive characterisations and comparisons can also be made with thin films 

representative UV-only responsive, wide band gap oxides.   
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5.12. Experimental  

 

Crystalline Properties 

XRD measurements were performed using a Seifert X-ray Diffractometer with characteristic 

Cu Kα radiation 0.154 nm. Theta-2theta scans were performed to determine the out-of-plane 

orientations of the films.  

Thin Film Deposition 

Three sets of films used in this work were grown using pulsed laser deposition (PLD). A KrF 

excimer laser (Lambda Physik LPX 300, 30 ns pulse width, λ = 248 nm) was used to ablate a 

target of Sr2Ta2O7 fabricated in our laboratory. The target to substrate distance was set at 5 cm. 

The laser was focused on a spot of 1.1 mm2 with a laser fluence of ca. 3 J cm-2 and laser 

repetition rate of 10 Hz. Commercially available (001)-oriented MgO was used as a substrate 

(10 x 10 x 0.5 mm). Platinum paste was applied between the substrates and heating stage to 

provide good thermal conductivity. The substrate temperature of 750°C was measured via a 

pyrometer. N2 background partial pressure of 8.0 x 10-4 mbar was set via a gas inlet line to the 

vacuum chamber. NH3 gas was injected through a nozzle near the laser spot at the target. The 

titanium nitride current collector layer was grown in situ, prior to the deposition of the 

oxynitride film, by conventional PLD using a commercially available TiN target under vacuum 

with a base pressure of ca. 5 x 10-6 mbar. The substrate to target distance, substrate temperature, 

laser repetition and fluence were the same as above.  

 

Photoelectrochemical Characterisation 

Photoelectrochemical (PEC) measurements were performed using a three-electrode 

configuration in the operando reactor cell described in Fig. 3. The working and counter 

electrode were the STON thin films and Pt wire respectively. A KCl saturated Ag/AgCl 

electrode was used as the reference. An aqueous solution of 0.5 molar NaOH (pH = 13) was 

used as an electrolyte. For the electrical contact of the STON films a wire was adhered to the 

TiN current collector to apply the electrical contact to the potentiostat (Metrohm Autolab). The 

electrically connected area was then insulated with epoxy and the sample then immersed into 

the electrolyte in the cell. The samples were illuminated with a 405 nm laser diode (Laser2000) 
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which has a 5mW power output and spot size of ca. 0.0308 cm2. The corresponding light 

intensity is ca. 130 mW cm-2. To measure the dark and light current the laser diode was 

modulated for 60 second periods (60 seconds on, 60 seconds off). The potentiodynamic 

measurements were performed at a scan rate of 10 mv s-1 under chopped illumination with 4 

second periods.  

 

Chemical Composition 

Rutherford Backscattering (RBS) and Elastic Recoil Detection Analysis (ERDA) were 

employed to determine the chemical compositions of the STON thin films. RBS provides the 

metal ratios and oxygen content whereas, ERDA provides nitrogen-to-oxygen ratio.  The RBS 

measurements were performed using a 2 MeV He beam and a silicon PIN diode detector. ERDA 

was carried out with a 13 MeV 127I beam and the combination of a time-of-flight spectrometer 

with a gas ionisation detector. RBS data was analysed using RUMP.131  

 

X-ray Photoelectron Spectroscopy 

The XPS measurements were performed at the SX-ARPES endstation126 of the Advanced 

Resonant Spectroscopies (ADRESS) beamline215 situated at the Swiss Light Source, Paul 

Scherrer Institute, Switzerland. The photon flux was ca. 1013 photons s-1 and focused into a spot 

size of 30 × 75 μm2 on the sample surface at an X-ray grazing incidence angle of 20°. The 

energy resolution was set to 50 meV and the sample temperature was kept at 298 K. Spectra 

were calibrated using the C 1s signal due to adventitious carbon situated at 284.8 eV.  

 

X-ray Absorption Spectroscopy 

The time resolved XAS were measured using the quickXAS method207 at the SuperXAS 

beamline at the SLS, Paul Scherrer Institute in Switzerland. The polychromatic beam of the 2.9 

Tesla superbend was collimated by a Si-coated collimating mirror and subsequently 

monochromatised by a Si(111) channel-cut crystal of the quickXAS monochromator, which 

oscillated at 1 Hz frequency with an acquisition time of 500 milliseconds per spectrum. Energy 

calibration was performed using Pb (L1 edge E0 = 15861 eV) and Zn (K edge E0 = 9659 eV) 
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thin foils for the Sr K (E0 = 16105 eV) and Ta L3 (E0 = 9881 eV) edges, respectively. A focused 

beam was used with a spot size of 100 x 100 μm2. The samples were fixed into the cell and the 

cell was mounted in grazing incidence to the incoming X-ray beam, with an incident angle 

between 0-1 degrees. Data analysis was performed using the ProQEXAFS,216 Athena217 and 

Larch218 software packages. 

 

5.13. Appendix 

 

 

 

Fig. 5.10. The Ta PSD signal does not exhibit any changes larger than the noise 

of the experiments. This does not suggest that Ta is not active, rather that the 

changes in electron density and the kinetics of the OER are much faster than those 

for Sr due to the fact that Ta is a transition metal and Sr, an alkaline earth element.  
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Fig. 5.11 (a-r) STON before and after PEC, (s-t) LTON N1s before and after PEC, 

respectively. Reference values for binding energies given in supplementary 

tables. 
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Table 14. Ion Beam Analysis for STON films 

Composition Sr:Ta O:N 

Sr0.94Ta1.06O2.80N0.31 0.89 (0.02) 9.03(0.07) 

 

 

 

 

 

 

 

Table 15. Literature sourced XPS data for Ta 4f7/2. 

Component Energy (eV) Reference 

Ta 

 

 

TaOx 

 

 

 

 

 

TaNx 

 

 

 

 

 

TaOxNy 

21.6-22 

 

 

26.0 

26.2 

26.5 

26.6 

26.9 

 

23.5 

24.7 

24.8 

25.1 

25.3 

 

25.0 

25.5 

25.7 

25.8 

25.9 

26.0 

26.1 

 

 

80, 219, 220, 221, 222, 223, 224, 

225, 226, 227 

 
228 
229 

80, 230, 231, 232 
227 
233 

 
80 

229 
227, 232, 234 

233, 234 
231 

 
80 

229 
234 

227, 232 
234 
233 
234 
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Table 16. Literature sourced XPS data for Ta 4f5/2. 

Component Energy (eV) Reference 

Ta 

 

TaOx 

 

23.70 

 

28.4 

28.5 

28.7 

 

227, 235 

 
231 
227 
233 

TaNx 

 

 

 

TaOxNy 

26.7 

26.9 

27.2 

 

27.7 

227 
233 
231 

 
227, 233 

 

 

Table 17. Literature sourced XPS data for Ta 4p3/2. 

Component Energy (eV) Reference 

TaNx 

 

 

 

TaOxNy 

400.8 

402 

403 

 

403.1 

403.5 

403.9 

404 

404.5 

 

236 
237 
238 

 
239 
231 
239 
240 
227 

 

Table 18. Sr 3p Peak Fit Before PEC 

Peak 1 2 

Centroid  

(eV) 

-279.65322 ± 

0.00457 

-271.58483 ± 0.00409 

FWHM  

(eV) 

1.291 ± 

 0.0096 

1.36436 ± 0.00861 

Area 24249.73794 ± 

170.28232 

29469.15676 ± 

176.22869 

R-Square 0.99493  
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 Table 19. Sr 3p Peak Fit After PEC  

Peak 1 2 

Centroid  

(eV) 

-279.57941 ± 

0.00317 

-271.53526 ± 0.003 

FWHM  

(eV) 

1.4441 ± 0.00672 1.47716 ± 0.00637 

Area 42598.5652 ± 

189.56348 

46526.0029 ± 

192.31561 

R-Square 0.99776  

 

 

 

Table 20. Sr 3d Peak Fit Before PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

--133.52559 ± 

0.01414 

-134.42294 ± 

0.15156 

-135.22127 ± 

0.04092 

-135.60325 ± 

5.33923 

FWHM  

(eV) 

0.86754 ± 0.02092 0.55329 ± 0.30998 0.79233 ± 0.55571 1.09281 ± 2.65848 

Area 220674.28476 ± 

6504.05398 

11457.0213 ± 

2241.51213 

115215.53577 ± 

54773.7724 

6112.76107 ± 

5108.96732 

R-Square 0.98726    

 

 

 

Table 21. Sr 3d Peak Fit After PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-133.52371 ± 

0.00375 

-134.44716 ± 

0.07153 

-135.25871 ± 

0.00981 

136.13358 ± 

0.15463 

FWHM  

(eV) 

0.90477 ± 0.00793 0.4245 ± 0.15984 0.86069 ± 0.04955 0.5591 ± 0.19969 

Area 232332.42423 ± 

1776.72603 

5212.77251 ± 

4145.0633 

153051.89003 ± 

8408.25997 

45995.00203 ± 

1424.5185 

R-Square 0.99609    
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Table 22. Sr 4p and O 2s Peak Fit Before PEC 

Peak 1 2 3 

Centroid  

(eV) 

-19.38482 ± 0.01864 -20.3163 ± 0.10708 -20.61054 ± 

1.16868 

FWHM  

(eV) 

0.9026  

± 0.01591 

0.64963 ± 0.43078 0.83051 ± 0.52531 

Area 11953.29605 ± 

495.33252 

1912.54469 ± 

1122.8581 

2959.82432 ± 

1170.0807 

R-Square 0.99918   

 

 

 

Table 23. Sr 4p and O 2s Peak Fit After PEC 

Peak 1 2 3 

Centroid  

(eV) 

-19.34974 ± 0.01268 -20.36315 ± 

0.04252 

-20.68429 ± 

1.15995 

FWHM  

(eV) 

1.00048 ±  

0.013 

0.63186 ± 0.18837 0.84706 ± 0.57905 

Area 16509.95251 ± 

391.78648 

2985.39928 ± 

654.02432 

1944.41958 ± 

690.44717 

R-Square 0.99918   

 

 

 

Table 24. Sr 4s and Ta 5p Peak Fit Before PEC 

Peak 1 2 

Centroid  

(eV) 

-37.83893 ± 0.01823 -36.75281 ± 

0.06538 

FWHM  

(eV) 

1.16559 ± 0.07543 2.17036 ± 0.06255 

Area 4220.6715 ± 

803.01647 

14750.36267 ± 

922.61298 

R-Square 0.99446  
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Table 25. Sr 4s and Ta 5p Peak Fit After PEC 

Peak 1 2 

Centroid  

(eV) 

-37.75081 ± 0.01553 -36.69728 ± 

0.05493 

FWHM  

(eV) 

1.19942 ± 0.06123 2.19563 ± 0.05015 

Area 6106.5987 ± 

926.47299 

19927.18315 ± 

1056.30328 

R-Square 0.9963   

 

 

 

Table 26. Ta 4d Peak Fit Before PEC 

Peak 1 2 

Centroid  

(eV) 

-233.5189 ± 0.00585 -221.91514 ± 0.0035 

FWHM  

(eV) 

3.48002 ± 0.01311 3.2174 ±  

0.00777 

Area 102869.76637 ± 

398.19966 

152900.35078 ± 

376.43228 

R-Square 0.99841  

 

 

 

Table 27. Ta 4d Peak Fit After PEC 

Peak 1 2 

Centroid  

(eV) 

-233.41751 ± 0.00665 -221.85157 ± 

0.0038 

FWHM  

(eV) 

3.27951 ± 0.01474 3.13172 ± 

0.00839 

Area 132220.62551 ± 

602.56733 

215880.03097 ± 

583.29846 

R-Square 0.998  
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Table 28. Ta 4f Peak Fit Before PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-25.28531 ± 0.01644 -27.2936 ± 0.0139 -26.48192 ± 0.0056 -28.12081 ± 

0.00614 

FWHM  

(eV) 

1.30442 ± 0.01537 0.63056 ± 0.03194 1.03484 ± 0.02117 1.0662 ± 0.00779 

Area 125778.64569 ± 

3126.10392 

17090.70087 ± 

2890.97467 

149256.04267 ± 

5148.01471 

114674.56033 ± 

1192.47262 

R-Square 0.99987    

 

 

 

Table 29. Ta 4f Peak Fit After PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-25.26927 ± 0.03279 -27.08503 ± 0.01872 -26.26536 ± 

0.00667 

-27.9737 ± 0.00524 

FWHM  

(eV) 

1.26866 ± 0.02643 0.97409 ± 0.02477 0.66245 ± 

0.03494 

1.05826 ± 0.00665 

Area 132232.36396 ± 

7017.27026 

185156.91357 ± 

10048.03592 

25633.93592 ± 

4493.3563 

171320.72122 ± 

1535.28089 

R-Square 0.99987    

 

  

 

Table 30. C 1s Peak Fit Before PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-279.69471 ± 

0.00839 

-284.3548 ± 0.00767 -285.18928 ± 

0.02152 

-285.35279 ± 

0.0267 

FWHM  

(eV) 

1.39118 ± 0.01775 0.93911 ± 0.00887 0.82405 ± 0.0233 2.13579 ± 0.03022 

Area 29309.94428 ± 

357.69729 

214157.2881 ± 

4433.23097 

51158.70353 ± 

4217.75904 

84350.46265 ± 

2540.20022 

R-Square 0.99976    
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Table 31. C 1s Peak Fit After PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-279.57921 ± 

0.00335 

-284.31246 ± 

0.00388 

-285.01138 ± 

0.02467 

-286.92129 ± 

0.06273 

 

FWHM  

(eV) 

1.55878 ± 0.00715 0.97561 ± 0.00901 1.64606 ± 0.01545 1.1534 ± 0.08275 

Area 50003.16423 ± 

221.61098 

86330.86346 ± 

2788.01509 

103841.19401 ± 

 2414.48879 

5983.695 ± 

764.23011 

R-Square 0.99971    

    

 

Table 32. O 1s Peak Fit Before PEC 

Peak 1 2 3 

Centroid  

(eV) 

-530.46148 ± 0.00178 -531.07071 ± 0.0374 -533.18451 ± 

0.05187 

FWHM  

(eV) 

1.04254 ± 0.00626 2.48263 ±  

0.0627 

0.9018 ± 0.17859 

Area 165610.48771 ± 

2829.38261 

126647.74654 ±  

1471.86872 

3398.38014 ± 

1501.12366 

R-Square 0.99979   

 

Table 33. O 1s Peak Fit After PEC 

Peak 1 2 

Centroid  

(eV) 

-530.32002 ± 

0.00106 

-531.04871 ± 

0.00807 

FWHM  

(eV) 

1.03305 ± 0.00275 2.73542 ± 0.01428 

Area 295971.82056 ± 

1368.69256 

243648.68368 ± 

1828.90827 

R-Square 0.99983  
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Table 34. N 1s and Ta 4p Peak Fit Before PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-396.15118 ± 

0.00378 

-396.65639 ± 

0.09367 

-399.67412 ± 

1.88024 

-403.92705 ± 

0.10212 

FWHM  

(eV) 

0.79614 ± 0.00996 1.94654 ± 0.21381 4.87092 ± 1.3796 3.38278 ± 1.1459 

Area 21611.22085 ± 

568.30918 

8370.54043 ± 

2479.53865 

22418.31898 ± 

5377.99719 

96803.94916 ± 

10607.91758 

 

Peak 5 

Centroid  

(eV) 

-405.35034 ± .28803 

FWHM  

(eV) 

4.61057 ± 3.03883 

Area 31680.48163 ± 

15843.03548 

R-Square 0.99653 

 

 

 

Table 35. N 1s and Ta 4p Peak Fit After PEC 

Peak 1 2 3 4 

Centroid  

(eV) 

-396.0752 ± 0.00465 -396.51934 ± 

0.07196 

-399.06478 ± 

0.30341 

-403.80418 ± 

0.08599 

FWHM  

(eV) 

0.76585 ± 0.01237 1.68271 ± 0.13794 3.65362 ± 0.59233 3.76847 ± 0.31262 

Area 19835.05122 ± 

748.6462 

9909.66385 ± 

1928.76987 

22418.31898 ± 

5377.99719 

96803.94916 ± 

10607.91758 

 

Peak 5 6 

Centroid  

(eV) 

-405.41358 ± 

0.21635 

-407.1659 ± 0.48547 

FWHM  

(eV) 

1.14905 ± 0.65182 2.78483 ± 0.39213 

Area 750.00707 ± 

1037.78766 

9226.66389 ± 

6274.80751 

R-Square 0.99764  
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6.1. Conclusion  

 

The work in this thesis can be divided into two halves, the first, concerned with the fundamental 

understanding of the electronic structure of oxynitride SC photocatalysts and their evolution at 

the solid-liquid interface. The second, an experimental platform for operando GIXAS at the 

solid-liquid interface using a custom designed reactor cell, providing a platform for future work 

to continue.  

 

In chapter 2, this work demonstrates that SX-ARPES can resolve the electronic structure and 

its evolution for the oxynitride type materials, where no information regarding oxynitrides with 

respect to ARPES exists to date. Not only have we determined the electronic structure of the 

oxynitride LTON photocatalysts used in this work, we also monitored the evolution of the 

electronic structure of LTON, as a consequence of the OER. Using SX-ARPES, we could
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observe that the VBM consists of primarily Ti – N 2p states but it also has small contribution 

due to La – N 2p states. After PEC, these states deplete due to the loss of nitrogen from the 

surface of the lattice during operation conditions. Exposure to the light, electrolyte and/or the 

X-ray beam do not affect the electronic structure of LTON. The summary of the findings are as 

follows: (a) the depletion of Ti- and La-N 2p states, (b) disorder surrounding the local 

environment of Ti, whilst, the total charge surrounding Ti is conserved, (c) a reductive shift in 

the XAS spectra for the La and an increase in the spin orbit coupling of the La d states, (d) the 

creation of additional Ti- and La - O 2p states. 

 

In chapter 3, we applied complementary NR and surface sensitive GIXAS techniques to probe 

the detrimental surface modifications associated with oxynitrides that occur during operation.  

We show that thin films are ideal model systems for surface sensitive studies where one can 

more easily distinguish the surface signals from the bulk contributions. The physiochemical 

modification of the oxynitride surface was limited to the first 3nm of the bare thin film. The 

addition of the IrO2 co-catalyst not only increases the performances of the oxynitride sample 

by a factor of two but also protects the surface by preventing the observed surface modification 

as a direct consequence of the water splitting process. The surface modification involves the 

oxidation of the La A cations and a disordering of the local environment surrounding the Ti B 

cations. Whereas, La undergoes a reduction in the bulk and Ti remains unaffected. These 

findings were unexpected because we have evidence that the A site plays a significant role in 

the OER and La does not exist solely in the nominal +3 valence state. To the best of our 

knowledge, this is the first depiction of what is occurring at the surface and the extent of the 

changes with respect to each cation as a function of depth during photocatalytic water splitting.  

 

The findings in this chapter are also in agreement with those in Chapter 2 where, s-XAS and 

SX-ARPES suggested (a) the loss of N states, (b) charge conservation surrounding Ti but 

disorder to its local environment, (c) reductive shift for La and an increase in spin orbit coupling 

and, (d) increased O2p hybridisation. Here, NR suggests this effect is limited within the first 3 

nm of the samples, GIXAS shows that La acts as a weak transition metal and, the Ti 3d states 

in the conduction band shows signs of disorder, due to vacancy generation, changing O/N and 

the disorder of the O/N-B-O/N dihedral bond angles.  
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In chapter 4, the cumulative area for the O1s peak fitting suggest that after PEC there is an 

increase in the total oxygen content by ca. 17% on/at the LTON surface. The total increase in 

oxygen is due to the increased concentration of O species under OER conditions 

adsorbing/chemisorbing on the surface. We observe in the N 1s XPS spectra, the formation of 

N2/NOx chemisorbed species, which suggests, competitive reactions between the surface lattice 

N and the OER intermediates. The titanium, Ti 2p XPS peaks do not shift in position with 

respect to binding energy, suggesting that Ti does not change its formal oxidation state (as 

suggested in chapters 2 and 3). However, there are changes in the ratios of these peaks after 

PEC. These changes are likely due to the local structural change surrounding Ti when nitrogen 

is lost and replaced with O changing the ratio of TiO5-xN1+x and TiO6 like environments in the 

oxynitride. 

 

In chapter 5, we employed operando grazing incidence and modulated excitation X-ray 

absorption spectroscopy to study the effect of several stimuli on STON oxynitride thin films 

during photoelectrochemical water splitting. A comparison with ex-situ XPS of the samples in 

their initial and final states is also included. Overall, the XPS analysis of the initial and final 

state of the STON photocatalyst suggests that STON suffers from a surface degradation and 

reconstruction as evidenced with respect to the decrease in initial photocurrent. The XPS data 

suggests that STON undergoes a) slight loss of N from the structure where N remains bound as 

N2/NOx species. b) The increase in electron density and segregation of Sr. c) apparent Ta 

enrichment at the surface due to the changing O/N, d) Increased hydrophilicity.  

 

Operando GIXAS corroborates the XPS findings, determining that the surface reconstruction 

occurs when the applied potential increases above 1.3 V vs. RHE. ME-XAS-PSD 

measurements, with modulated light as an external stimulus we show that other than the 

generation of charge carriers, the light has minimal effect on the system, where it was 

previously shown in chapter 3 that for LaTiOxNy that light and the electrolyte do not contribute 

to the degradation of the material. However, we observe changes in the light response for Sr, 

with respect to its electronic structure and its evolution as a function of applied potential.  
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Indicating that the kinetics of the OER are much faster on the Ta site than for Sr. However, 

when the potential is increased to 1.5V, the rate of the OER on the reduced Sr sites increase, 

where Sr behaves more like a transition metal and less ionic in nature.  

 

These observations can be explained by increases in surface hydrophilicity and the formation 

of a superficial OH/O(OH) surface layer. This beneficial effect normally associated with the 

perovskite oxides, adopts a more counterproductive role with respect to the oxynitrides in the 

presence of N at the surface. Where nitrogen is lost from the lattice structure in the surface 

layer(s), and remains chemisorbed on the surface as N2 and NOx species. The OER 

intermediates (OH/O(OH) and charge carriers are then in completion between the desired H2 

and O2 generation, unfavourable charge recombination and the self-degradation and formation 

of N2 and NOx species during the OER. Where, the generation of defects limit the overall 

kinetics and charge transfer efficiency for efficient water splitting using oxynitrides in their 

bare form.  

 

Our findings also support the idea that that La behaves as a transition metal although, a weak 

one, compared to Ti. It is likely then that the formation of LaOH/LaO(OH) would then not only 

contribute to overall O2 evolution during the OER, but also help to stabilise and/or minimise, 

vacancy induced surface reconstruction. However, as discussed for Ti, it then can also facilitate 

N2/NOx formation and drive the N loss from the surface layer on the Ti site.  We show that the 

nature of the A cation and the evolution of its electronic and geometric environment at the 

solid/liquid interface has large impacts on the overall stability and catalytic activity of the 

material during operation conditions. We also note that nitrogen determines the bulk electronic 

structure of the oxynitrides and in turn, the light absorption properties of the photocatalysts. 

However, at the surface the nitrogen species take on a more apparent antagonistic role, 

competing with the OER. 
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6.2. Outlook 

 

To improve the performance of semiconductor photocatalysts, it is important to understand on 

a fundamental level what is occurring at the photocatalyst surface during operation. Future work 

plans to explore in operando, the effect of applied potential and the synergistic effects first row 

transition metal based co-catalysts have on the performance and stability of the oxynitride 

photocatalyst templates, where it has been shown that passivation layers65 and co-catalysts can 

prevent/minimise the detrimental surface reconstruction (chapter 3).  

 

In this work, we have compared epitaxially orientated oxynitride thin films, however, we have 

recently observed that for thin films grown with different crystallographic orientations (not 

possible with randomly orientated polycrystalline powders) exhibit large differences in the 

kinetics, charge extraction and, in turn the photocatalytic performance. The effect of orientation 

also has consequences on the usual enhancement seen when decorated with a co-catalyst (Fig. 

6.1). Future work can aim to build on what we have learnt, with respect to the work in this 

thesis, to study a number oxynitride materials for the determination of their electronic structures 

at the surface and their evolution whilst, trying to rationalise the observed orientation 

dependence on their photocatalytic performance. These experiments are not limited to 

oxynitrides or, bare semiconductor photocatalyst templates. The semiconductor-co-catalyst 

and/or buried semiconductor-passivation layer interface play crucial roles in the charge 

injection and transfer processes.  

 

With the advantage of the enhanced probing depth, and chemical state specificity, NR, SX-

ARPES, XPS and GIXAS provide unique opportunities to explore both materials and the 

interface properties, as well as their reactivity and/or evolution. Chemical state specificity is 

not limited to oxynitrides and, the measurements are feasible with thin films used in various 

applications. Based on the findings in this work (with respect to La and Sr), it would be of 

personal interest to investigate materials such as La1-xSrxCoO3-δ. Where the effect of doping 

concentration between Sr and La can be explored with respect to the stability and activity of 

the materials as well as, the evolution with respect to Sr and La at the A sites.  
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Fig. 6.1. (a) XRD for 001 and 011 orientated STON oxynitride thin films, (b) the PEC 

performance of the two orientated film, with and without a NiO co-catalyst.  
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