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Abstract 

Over the last decade, oxynitride materials have been demonstrated to be the most 

promising materials for water splitting into oxygen and hydrogen. Despite this, the 

overpotentials needed to drive these reactions are still far from the minimum theoretical 

values. The oxygen evolution reaction (OER), in particular, is the most serious bottleneck 

to enable a direct splitting of water using visible light, which can accelerate the transition 

to a sustainable future. Doping, strain and polarization engineering have been proved to 

be effective methods in tailoring the surface electronic structures and catalytic properties. 

Therefore, in this thesis, we apply density functional theory (DFT) to investigate the 

effects that doping, strain and polarization engineering have on the OER, providing 

valuable suggestions to guide experiments towards more efficient OER activity. 

The first work (Chapter 3) studies the effect of anion ordering, strain, and doping 

engineering of the OER in BaTaO2N. Here, we use DFT simulations to show that strain 

and surface doping can be applied to enhance the OER performance. For the TaON-

terminated BaTaO2N (001) surfaces, by applying 4% compressive uniaxial strain, the 

theoretical overpotential can be reduced to 0.59 V. While for the most stable TaO2N-(100) 

surface, a small tensile uniaxial strain of 1%, which is easily reached by experiments, can 

reduce the theoretical overpotential from 0.43 V to 0.37 V under (photo)electrochemical 

conditions. This value is very close to the minimum predicted theoretical overpotential of 

oxides. 

The second work (Chapter 4) shows switchable polarization modulation on the OER 

activity in ferroelectric InSnO2N. Basing on DFT calculation, we have theoretically 

studied how the surface ferroelectric switching affects the OER performance of the 

improper ferroelectric InSnO2N. For the clean surface, the surface with negatively 

polarized bulk has a lower theoretical overpotential of 0.58 V than the surface with 

positively polarized bulk (0.77 V), due to the increased surface electrons density. Under 

(photo)-electrochemical operating condition, for the surface with negatively polarized bulk, 

a 1 monolayer (ML) OH coverage is preferred, while for the positively polarized bulk, a 

2/3 ML OH covered surface is the most stable. The theoretical overpotentials of the OER 

on the OH-covered surfaces with negatively and positively polarized bulk are equal (0.89 

V). Switching the polarization direction during the OER, much lower theoretical 
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overpotentials are obtained, 0.20 V for the clean surface and 0.23 V for the surface with 

OH coverage. These values are far below the minimum theoretical overpotential for oxides 

(0.37 V).  
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Resumé 

I løbet af det sidste årti har oxynitride materialer vist sig at være de mest 

lovende materialer til at splitte vand til oxygen og hydrogen. På trods af det, er 

de overpotentialer som er nødvendige for at aktivere disse reaktioner stadig 

langt fra minimum af de teoretiske værdier. Især oxygenudviklingsreaktionen 

(OER) er den mest alvorlige flaskehals for at muliggøre en direkte spaltning af 

vand ved hjælp af synligt lys, hvilket kan accelerere overgangen til en 

bæredygtig fremtid. Doping, belastning og polariserings teknikker har vist sig 

at være effektive metoder til at skræddersy de overfladiske elektroniske 

strukturer og katalytiske egenskaber. Derfor anvender vi i denne afhandling 

densitet funktionel teori (DFT) for at undersøge den effekt som doping, 

belastning og polariserings teknikker har på OER, hvilket giver værdifulde 

forslag til at lede eksperimenter mod en mere effektiv OER aktivitet. 

Det første arbejde (kapitel 3) studerer effekten af anion rækkefølger, belastning 

og doping teknikker af OER i BaTaO2N. Her bruger vi DFT-simuleringer til at 

vise, at belastning og overfladedoping kan anvendes til at forbedre OER 

præstationen. For de TaON-terminerede BaTaO2N (001) overflader, kan det 

teoretiske overpotentiale reduceres til 0.59 V ved at påføre 4% ensartet 

kompressiv belastning. Mens det for den mest stabile TaO2N-(100) overflade er 

en lille ensartet træk belastning på 1%, som let opnås ved forsøg, der kan 

reducere det teoretiske overpotentiale fra 0.43 V til 0.37 V under 

(foto)elektrokemiske forhold. Denne værdi er meget tæt på det laveste 

forudsagte teoretiske overpotentiale for oxider. 

Det andet arbejde (kapitel 4) viser omskiftelig polarisationsmodulation på OER 

aktiviteten i ferroelektriske InSnO2N. Baseret på DFT beregning har vi teoretisk 

undersøgt, hvordan de overfladiske ferroelektriske skift påvirker OER 

præstationen for den ikke passende ferroelektriske InSnO2N. For den rene 

overflade har overfladen med negativt polariseret bulk et lavere teoretisk 
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overpotentiale på 0.58 V end overfladen med positivt polariseret bulk (0.77 V) på 

grund af den øgede overflade elektrondensitet. Under (foto)-elektrokemisk 

driftstilstand foretrækkes overfladen med negativt polariseret bulk med en 1 

monolags (ML) OH-dækning, mens for den positivt polariserede bulk er en 2/3 

ML OH overdækket overflade den mest stabile. De teoretiske overpotentialer for 

OER på de OH-dækkede overflader med negativt og positivt polariseret bulk er 

ens, begge på 0.89 V. Ved at skifte polarisationsretningen under OER opnås 

meget lavere teoretiske overpotentialer, 0.20 V for den rene overflade og 0.23 V 

for overfladen med OH -dækning. Disse værdier er langt under det minimum 

teoretiske overpotentiale for oxider (0.37 V).  
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Abbreviations 

DFT: density functional theory 

OER: oxygen evolution reaction 

ML: monolayer 

PEC: photoelectrochemical 

VB: valence band  

CB: conduction band 

HER: hydrogen evolution reaction  

TF: Thomas-Fermi  

HK: Hohenberg-Kohn 

XC: exchange-correlation 

LDA: local spin density approximation 

LSDA: local spin density approximation 

GGA: Generalized Gradient Approximation  

PCET: proton-coupled electron-transfer  

VASP: Vienna Ab initio Simulation Package  

QE: quantum espresso 

PCET: proton-coupled electron-transfer 

DFPT: density functional perturbation theory 

VBM: valence band maximum 

CBM: conduction band minimum 

PDS: potential determining step 

PBE: Perdew-Burke-Ernerhof  

SHE: standard hydrogen electrode 

PDOS: partial density of states 

PAW: projector augmented wave  
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Chapter 1 

Introduction 

In this chapter, an overview of the oxynitride-based materials in the applications of 

photocatalytic water splitting is provied. First, the outline of this thesis is presented. 

Then, the principles of the photocatalytic water splitting and OER are introduced. Besides, 

the properties of oxynitride materials are summarized, especially perovskite oxynitrides 

and tin based oxynitrides. Finally, the methods to improve the performance of OER are 

discussed.  

1.1 Background 

The dependence on technology, the improvement of living standards in developed 

countries and the increasing population of developing countries undoubtedly lead to an 

increase in the demand for energy. In order to meet the requirements of rapid growth in 

energy consumption, the consumption of fossil fuels is increasing quickly, which will cause 

increased ozone depletion, climate changes, environmental problems, and health risks to 

living creatures on the earth. What’s more, fossil fuels have limited reserves on the earth 

and are non-renewable resources.1 Therefore, it is essential to make use of the renewable 

energy sources to gradually replace the fossil fuels. 

There are various types of renewable energy sources, such as solar energy, wind energy 

hydro energy, marine energy, geothermal energy and biomass energy.2 It is known that 

hydrogen not only has a high calorific value (143 MJ/kg)3 but also produces clean 

emissions. Through the photoelectrochemical (PEC) water splitting process, water and 

sunlight can be directly used as the main resources to produce hydrogen and oxygen. The 

application of this technology enables people to utilize the most abundant resources on 

the earth, water and solar radiation, at low cost. Hence, PEC water splitting is a 

protracted strategy for solar energy conversion into hydrogen fuel to achieve the 

sustainability of social clean energy and environment. In 1972, Fujishima and Honda 
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reported pioneering research on water splitting on TiO2 electrodes, which has inspired 

people's interest in this technology.4 Since then, a vast amount of studies have been 

conducted in developing semiconductor photocatalysis, and extensive work has been done 

to improve the efficiency of photocatalysts.5–7 In spite of years of researches on PEC solar 

energy conversion, the conversion efficiency of light to hydrogen fuel is still far from the 

maximum theoretical efficiency. This means that it is still critical to have an in-depth 

understanding of some key aspects of the PEC solar-to-hydrogen conversion process for 

further enhancing of the conversion efficiency. 

1.2 Outline of thesis 

This thesis includes five chapters. The chapters are outlined as follows: 

Chapter 1: Introduction 

An overview of the oxynitride-based materials in the applications of photocatalytic water 

splitting is presented. The methods to improve the performance of OER are also discussed. 

Chapter 2: Methodology 

A brief introduction to the DFT and its implementations is given.  

Chapter 3:  Anion ordering, strain, and doping engineering of the OER in BaTaO2N 

The role of anion ordering, strain, and doping modifications on the OER for different 

surfaces of BaTaO2N has been investigated. Paper 1 is the main part of this chapter and 

also included in the Appendix. 

Chapter 4: Enhancing OER by using switchable polarization in ferroelectric InSnO2N 

The OER performance of InSnO2N surfaces with negatively/positively polarized bulk has 

been studied. For a given surface, switching of the polarization direction is presented to 

optimize the adsorption strength for intermediates along the OER pathways and hence 

enhance the OER activitiy. Paper 2 is the main part of this chapter and also included in 

the Appendix. 

Chapter 5: Conclusion and outlook 

The main findings from this project and outlook are summarized. 



 

 

3 

 

1.3 Photocatalysis 

1.3.1  Photocatalytic water splitting 

The term photocatalysis can be traced back nearly 100 years8,9, which is generally defined 

as the acceleration of a photochemical reaction by adding a catalyst that is not consumed 

in the reaction.10 The catalyst here can absorb light to produce the electron-hole pairs and 

promote chemical reaction. 

In the water splitting chemical reaction, water is broken down to produce hydrogen and 

oxygen, which is a non-spontaneous reaction. There are different power sources that can 

be used to break the H-O bonds, like thermal (heat), electrical (current), or light 

(electromagnetic radiation), which corresponds to thermolysis, electrolysis, or photolysis. 

For the thermal or thermochemical water splitting, high temperatures (500-2000 °C)11 is 

needed to drive the water splitting reaction. When the water splitting process is driven 

by applying electricity, it is the electrolytic water splitting, in which the electrical energy 

is converted to the chemical energy at the electrode-solution interface via charge-transfer 

reaction. Photocatalytic water splitting is another technology, by which the solar energy 

is used to split the water into hydrogen and oxygen. This technology is an effective route 

for converting solar energy into clean and renewable hydrogen fuel, and it plays a critical 

role in solving the energy crisis and environmental problem. 

The solar water splitting can be generally divided as two systems, photocatalytic and PEC 

water splitting. Photocatalytic water splitting usually uses the semiconductor powder as 

the photocatalyst (Figure 1.1a). When the photocatalyst is dispersed into the solution 

under the sunlight irradiation, the formation of hydrogen and oxygen will be detected. 

The general photocatalytic water splitting is involved three steps: photon absorption and 

electron-hole pair generation; migration of photon-induced carriers to surface; and surface 

chemical reactions. When the photocatalyst absorbs photons with the energy higher than 

the band gap of the semiconductor, the electrons are effectively excited from the valence 

band (VB) to the conduction band (CB) while holes are left in the VB. Then photo-

generated electron-hole (e-h) pairs migrate to the photocatalyst surface to take part in the 

chemical reaction. During this step, some charge carriers (electrons and holes) will 

recombine, which is undesirable for the photocatalystic water splitting. Various efforts 

have been carried out to reduce the recombination of the carriers. In the last step, the 
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photo-excited carriers will react with water on the active surface sites of the photocatalyst, 

where the water is reduced to hydrogen by electrons and oxidized to oxygen by holes. 

However, it is a challenge to separate the mixed H2 and O2 in the photocatalytic reaction 

system. This could be overcome by using PEC water splitting system. 

The PEC water splitting system combines the energy of solar light and electricity, which 

is composed of a photoelectrode and a metal electrode immersed in the aqueous electrolyte 

and is connected by an externally applied circuit voltage (Figure 1.1b). Similar to 

photocatalytic water splitting, after absorbing photons, for the photoelectrode, electrons 

will be excited to the CB and holes will remain in the VB. Then the electrons are 

transported to the metal electrode and participate in the hydrogen evolution reaction 

(HER) to produce H2 gas. At the same time, at the surface of the photoelectrode, holes 

participate in the OER generating the O2 gas. Therefore, the H2 and O2 gas products are 

separated.  

Figure 1.1. Schematic illustration of solar water splitting: (a) photocatalytic water 

splitting system and (b) PEC water splitting system. 

1.3.2 Requirements for the photo-electrode of semiconductors 

In the semiconductor-based PEC water splitting, the requirements for the photo-electrode 

must be met before the water splitting reaction can proceed. 

The band gap of the photo-electrode will influence the light harvesting ability, because 

the photo-electrode only absorbs photons with energy larger than its band gap. 
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Thermodynamically, free-energy change of the water splitting reaction (2H2O→O2 + 2H2) 

is 4.92 eV.12 Since it is a four-electron process, at least energy of 1.23 eV should be 

provided from the electron-hole pair for the reaction. However, excess energies should be 

taken into account. These excess energies include the kinetic and thermodynamic losses. 

The thermodynamic losses is caused by the second law of thermodynamics. The kinetic 

losses is due to the non-ideal factors in the conversion process like the overpotentials at 

electrode, resistive drop at the electrolyte and so on. Therefore, the band gap of the photo-

electrode should be large enough to generate the electron-hole carriers to drive the 

chemical reaction. As the same time, to harvest as much the solar spectrum as possible, 

the band gap value cannot be too large. Hence, in order to obtain the maximum photon to 

chemical conversion efficiency, the material used as the photoelectrode in the PEC water 

splitting system should have a band gap energy of 2.0 – 2.25 eV.13 

 

 

Figure 1.2. Band-edge positions of semiconductors vs NHE and vaccum level. The redox 

potentials for water splitting are shown in dotted lines. Reproduced with permission.14 

Copyright 2015, John Wiley and Sons. 

 

Another requirement is band-edge positions, which is related to the potentials of the 

generated charge carriers. For the PEC water splitting system, the potential of 

photogenerated holes is determined by the VB edge of semiconductor. As shown in Figure 

1.2, on the one hand, for photo-electrode, VB edge potential vs NHE should be more 

positive than the water oxidation level to drive the oxidation reaction. On the other hand, 
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only the bottom level of the CB is more negative than the reduction potential of H+/H2, 

the photogenerated electrons with a potential given by the energy of the CB could be used 

to drive the reduction of protons. 

Overpotential is the extra potential for the electrode to drive the reaction on the surface 

which is the kinetic requirement. The overpotential is particularly important for the 

placement of the semiconductor’s band-edge positions relative to the potentials for the 

OER and HER, respectively. Taking the overpotential into consideration, if the potential 

of VB is not positive enough for water oxidation or the potential of the CB is not 

sufficiently negative for the reduction of protons, the rate of water splitting will be greatly 

reduced.13 More details on theory calculation for overpotential will be discussed in section 

2.5. 

1.3.3  Surface Pourbaix diagram 

The surface phase diagram can be constructed in the PEC water splitting system, which 

shows the stability of the surface that adsorbs the reaction fragments under different 

values of pH and potential (Figure 1.3).15,16 This kind of surface phase diagram is called 

Pourbaix diagram17,18 that was originally used to describe the bulk transitions.19 It has 

been shown that the Pourbaix diagram can accurately demonstrate which the surface 

 

 

Figure 1.3. The relative stability of surfaces as a function of applied potential at pH = 0 

and pH = 14, respectively. Reproduced with permission.16 Copyright 2011, American 

Chemical Society. 
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structure is stable under electrochemical condition by theoretical studies.16,18,20 The 

relationship among materials’ phase stability, the electrode potential and pH can be 

described by the Pourbaix diagram. Therefore, the surface Pourbaix diagram has been 

widely applied in the PEC water splitting system to thermodynamically describe 

materials’ phase stability in an aqueous electrochemical environment 

1.3.4 Oxygen evolution reaction (OER) 

As a four-electron process, compared with the evolution of hydrogen, the oxygen evolution 

has received more research attention due to the high overpotential and complex reaction 

mechanism. Various OER mechanisms have been proposed and discussed, and some of 

them can be seen in Figure 1.4, while none of them has been fully validated from the 

experimental study. Kinetic models for OER (Figure 1.4I-III)21 were proposed by Bockris, 

who demonstrated that within a specific reaction mechanism the rate determining step 

can determine the Tafel slope that can be measured in an experiment. However, only 

based on the Tafel slope, a rate determining step cannot be clearly identified. Moreover, 

the actual reaction mechanism may not have been taken into consideration in the group 

of mechanisms for deriving the Tafel slope. Furthermore, in addition to the 

electrocatalytic reactions, other factors sometimes can also alter the Tafel slope.22 

Therefore, precise knowledge about properties of the electrodes materials is required to 

get a valid mechanistic insight by analyzing the Tafel slope.  

On the basis of the electrochemical framework, Nørskov and co-workers proposed a 

theoretical framework (see Figure 1.4IV) in which the photooxidation of water can be 

described from the thermochemical analysis by first-principle calculations.12 Within this 

mechanism, for each reaction, the Gibbs free energy is computed as a function of electrode 

potential. As shown in Figure 1.5, the Gibbs free energy of each reaction less than 0 J·mol-

1 is a necessary condition for the proceeding of the overall reaction. Although the sum of 

Gibbs free energy of the four reaction steps is equal to the Gibbs free energy of the overall 

water splitting reaction, the Gibbs free energy of each reaction step can be different. The 

Gibbs free energy of every step alters equally with electrode potential when one electron 

is exchanged in each step. Thus, the highest electrode potential is needed for the reaction 

with the largest Gibbs free energy to be downhill and this reaction step is the potential 

determining step. For example, in Figure 1.5, Gibbs free energy of step 3 to be downhill 
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Figure 1.4. The proposed mechanisms of OER.23,24 M is a surface active site. Reproduced 

with permission.25 Copyright 2016, John Wiley and Sons. 

 

 

Figure 1.5. Gibbs free energies diagram for RuO2 (110) surface. The overall reaction has 

equilibrium potential of 1.23 V vs SHE.24 Reproduced with permission.25 Copyright 2016, 

John Wiley and Sons.  

 

requires potential of 1.60 V. Gibbs free energy of the reaction step is dependent on the 

adsorption energy of the intermediates, which relies on the catalyst. Hence, the potential 

required to promote the overall reaction is also dependent on the catalyst.25 The reactivity 
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trend of the catalyst is described very well using this method, which makes this 

mechanism reasonable, although thermodynamics are considered alone in this model 

without taking any kinetic barrier into consideration. This treatment does not represent 

no kinetic barriers exists, but assuming that the kinetic barriers are proportional to the 

thermodynamic barriers, and thus based on thermodynamics the trend of reactivity can 

be qualitatively explained. 

Overpotential is the bias between the actual voltage applied to the electrode and the 

thermodynamic reversible potential of OER in the electrocatalyst, which is a key 

parameter for comparing performance of different OER activities. According to the DFT 

calculations, the general scaling relationship between the binding energy of OH* and 

OOH* has been determined for the studied oxide materials.26 Based on the computational 

standard hydrogen electrode (SHE) model, the theoretical overpotentials were estimated 

by using DFT calculation, and the trends of calculated theoretical overpotentials are in 

consistent with the experimental results.26 Therefore, the calculated theoretical 

overpotential can be used to characterize the OER activities. The OER volcano plots for 

different kind of materials are shown in Figure 1.6, and there is an upper limit for the 

OER activities with the lowest overpotential.  

 

Figure 1.6. OER volcano plots for (a) perovskites and (b) binary oxides. Reproduced with 

permission.26 Copyright 2011, John Wiley and Sons.  
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1.3.5 Photocatalysts for oxygen evolution 

Based on different structures, compositions and morphologies, there are diverse kinds of 

photocatalysts for oxygen evolution. In 1972, titanium dioxide (TiO2) firstly was found as 

photoelectrode that can decompose water into H2 and O2,4 which has attracted widespread 

attention. There are four mainly phases for TiO2: TiO2 (B), brookite, anatase and rutile. 

The structures of these four phases are composed of TiO6 octahedron with different 

distortion of the octahedron. Because of the low physicochemical stability of the other two 

phases, the study of photocatalysts of TiO2 mainly focus on anatase and rutile. The 

anatase TiO2 usually exhibits a better photocatalytic performance than the rutile TiO2, 

because there are more oxygen vacancies in anatase TiO2 causing the band bend to trap 

electrons and promote charge separation.27,28 Bismuth vanadate (BiVO4) is also a 

promising photocatalytic material on account of the ideal band gap of 2.4 eV for the 

monoclinic phase and suitable VB edge position for oxygen evolution.29 The photocatalytic 

activities on different exposed facets of BiVO4 have also been investigated, and a higher 

photocatalytic oxygen evolution rate has been found for BiVO4 with 30 facets.30 Besides, 

it is found that the morphology of BiVO4 can be optimized by controlling the pH value in 

the synthesis process, which suggests an effective approach to boost the O2 production 

activity.31 Tungsten trioxide (WO3) has band gap in the range of 2.5-2.8 eV and the 

suitable VB edge position for oxygen evolution.32,33 Hence, it has been widely studied as 

photo(electro)catalyst for water oxidation in term of its morphology regulation,34–36 

exposing facets,37 and the particle size.38 Among various iron oxides, as photocatalyst, the 

hematite Fe2O3 (α-Fe2O3) has several advantages, such as narrow band gap (1.9-2.2 eV), 

high stability and plenteous natural resources.39,40 Since the oxygen evolution activities 

closely depend on the morphology of α-Fe2O3, a lot of investigations on microstructure 

regulation of α-Fe2O3 have been carried out to promote O2 evolution performance.33,41–44 

1.4 Oxynitride materials 

1.4.1 Introduction for metal oxynitrides 

Metal oxynitrides, as an important type of emerging materials, have recently been 

intensively investigated. Because electronegativity, polarizability and anion charge of 

nitrogen are different from oxygen, it is possible to turn the properties of oxides by 
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introducing nitrogen. Due to the less electronegativity and more polarizability of nitrogen, 

the covalency of metal-nitrogen bond is higher than that of metal-oxygen bond, which 

results in an increase of nephelauxetic effect, a decrease of the electronic repulsion and a 

decrease energy of the d orbitals.45 Besides, because of the higher nitride charge, the 

crystal field splitting is larger compared with oxides and it is likely to form new 

compounds with higher cationic oxidation states. Additionally, the introduction of the 

nitrogen reduces the band gap, and hence makes this type of materials promising for 

applications as photocatalyst. The oxynitrides with new magnetic, dielectric and 

conduction properties also have been observed, which enriches the applications of such 

materials in other fields.46–50 

1.4.2 Perovskite oxynitrides 

Perovskite oxynitrides belong to the family of perovskite and their structures are similar 

to perovskite oxides. Hence we will introduce perovskite oxides firstly. Perovskite oxides, 

derived from CaTiO3, have been extensively investigated in various photocatalytic 

applications due to their various compositions, tunable structures, high stability and 

outstanding photocatalytic performance. CaTiO3 with mineral form was discovered in 

1839, and it is called as "perovskite" to commemorate the famous Russian mineralogist 

Lev Aleksevich von Perovski.51 Recently, several perovskites have been discovered, 

constituting a large family of materials with ABO3-type structure. In the ABO3-type 

structure, the radius of cation A2+ is larger than B4+. There is a huge family of the 

perovskite oxides because the A and B sites elements can be adjusted from the periodic 

table.52 Figure 1.7a shows the ideal ABO3 perovskite oxides structure with cubic 

symmetry, in which the A-site cations are in 12-fold coordination and B-site cations are 

in 6-fold octahedral coordination. In addition, the different ionic radii from different 

constituting cations result in the lattice distortion, which causes the lower symmetry of 

the perovskite to orthogonal, tetragonal, monoclinic, rhombohedral, and triclinic 

structures.53,54 

The substitution of the oxygen with nitrogen in perovskite oxides forms perovskite 

oxynitrides. It is assumed that the distribution of nitrogen is random and there are two 

possible anion orderings in the BO4N2 octahedron, as shown in Figure 1.7 b. In the BO4N2 

octahedron, when the N-B-N angle is 90°, it corresponds to the cis-N–B–N connections, 

and when the N-B-N angle is 180°, it corresponds to the trans-N–B–N connections. 
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Figure 1.7. Schematic illustration of the (a) ABO3 perovskite oxides with ideal cubic 

structure and (b) BO4N2 mixed-anion octahedron with cis/trans anion orders. 

 

R. Marchand et al first reported perovskite oxynitrides with the general formula ABO2-

xN1+x.55 The introduction of nitrogen in traditional cubic ABO3 perovskite, the nitrogen 

content is as high as 2.16 atoms per formula for the perovskite oxynitrides ( A = La and 

B = W).56 In addition to the nitrogen content, the importance of anion order also cannot 

be ignored. The local cis arrangement has been determined for the SrTaO2N, SrNbO2N 

and RVO2N (R = La, Pr, Nd) using neutron and electron diffraction.57–59 The local cis order 

for BaTaO2N has also been investigated via both experimental and theory studies.60–63 

Another perovskite structure, Ruddlesden-Popper oxynitrides, has also been reported to 

show specific properties. The family of (SrO)(SrNbO2-xN)n (n = 1, 2), as Ruddlesden-

Popper oxynitrides, obtains various oxidation states and transport properties from their 

layered structures.64 It has been found that in the layered K2NiF4-type-structure 

Sr2TaO3N and Sr2NbO3N, the nitrogen atoms are located at the equatorial positions of 

the octahedron, which have larger total bond strength, being consistent with Pauling’s 

second crystal rule.65–67 

Lastly, the photocatalytic application of the perovskite oxynitrides will be discussed. In 

2002, it was first reported that LaTiO2N, a typical perovskite oxynitrides, was used as 
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photocatalyst to split water into H2 and O2.68 In addition to titanium perovskite 

oxynitrides, tantalum perovskites oxynitride, ATaO2N (A=Ca, Sr and Ba) and PrTaON2 

are also potential visible-light-driven candidates of photocatalyst for water splitting. 

Because their band gaps (1.5-2.5 eV) are smaller than that of TiO2, and they are stable in 

aqueous solutions. Moreover, the existence of tantalum provides the possibility of high 

efficiency, since many photocatalysts with the highest quantum efficiency have 

tantalum.69 Niobium perovskite oxynitrides, ANb(O,N)3 (A = Ca, Sr, Ba, and La), have 

also been reported as promising candidates as water-splitting photocatalysts because of 

their wide range of visible-light adsorption ability. As the electronegativity of Nb is higher 

than that of Ta and the CB constituted by the empty Nb-4d orbitals is lower compared to 

CB formed by Ta-5d, the band gap energies of niobium perovskite oxynitrides are smaller 

than that of the corresponding Ta-based similar oxynitrides.70–73  

1.4.3 Tin based oxynitrides 

The hexagonal manganite (h-RMnO3, R= Sc, Y, Ho, Er, Tm, Yb and Lu) is the extensively 

investigated family of multiferroics.74 Among them, LuMnO3 shows the highest stability, 

due to the increasing of the thermodynamic stability of h-RMnO3 with decreasing radius 

of the R cation.75,76 The crystal structure of P63cm phase of h-LuMnO3 is composed by 

corner-sharing MnO5 bipyramids which form layers separated by Lu ions, as shown in 

Figure 1.8a. 

A new family of Sn oxynitrides, formula ASnO2N (A=Y, Eu, La, In and Sc), has been 

predicted to be ferroelectric semiconductor. The structure of the Sn oxynitrides is shown 

in Figure 1.8b, which adopts P63cm phase of h-LuMnO3 and oxygen in the bipyramids is 

replaced by introducing nitrogen. Adopting the polar h-LuMnO3 structure, these Sn 

oxynitrides have sizable spontaneous polarization and the predicted values of band gap 

range from 1.6 to 3.3 eV, which make them potential applications in photovoltaic, 

photocatalystic and optoelectronic fields.77  

1.5 Strategies for enhancing OER performance  

1.5.1  Strain  

For the last decades, researchers have been working on improving the OER performance 

by applying various approaches. It has been reported that the binding energy between  
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Figure 1.8. The crystal structure of (a) h-LuMnO3 with the ferroelectric P63cm phase and 

(b) InSnO2N with the ferroelectric P63cm phase. 

 

 molecular and surface of catalyst can be altered by strain engineering, which further 

influences the OER activities. For instance, Shao-Horn and co-workers have found that 

the OER activity of LaCoO3 is enhanced by applying the moderate tensile strain to 

optimize the orbital filling.78 The strain-engineering effect on the OER performance of 

LaNiO3 has also been investigated, where the strain degree from -2.2% to 2.7% was 

applied to study the OER activity. And the researchers have found that the OER activity 

can be enhanced when applying the moderate compressive strain that weakens M-O 

bonding.79 

The strain can also modulate the OER activities by affecting the d-band electronic 

structure of catalyst. The d-band electronic structure of the OER catalysts proposed by 

Norskov et al is an important parameter to describe the catalyst activity.80 Generally, 

when the catalyst is under tensile strain, the d-band center will move upward. On the 

contrary, compressive strain will make the d-band center move down,81 which is in 

agreement with the original d-band center theory put forward by Nørskov et al. As 

reported in a compressive-stress modulation of Ru monoatomic OER case, a variety of 
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stresses of Ru are generated by the PtCu substrate, which causes Ru d-band center to 

move gradually. Then an optimized position of the d-band center has been found with an 

optimal OER activity.82  

1.5.2 Doping 

The OER activity of the water splitting is influenced by the interactions between the 

adsorbed fragments and the active sites.83 Each step in the multistep OER process is 

related to the adsorption energy of the intermediates on active sites. Volcano plot has 

been used to describe the relationship between the OER activity and the adsorption 

strength, which shows that a too weak or too strong adsorption strength is not conducive 

to OER performance.84,85 According to this, the elemental doping can be applied to 

modulate the surface structure and electronic structure, and hence regulate the 

adsorption energy between the active sites and fragments, which is a commonly used 

strategy to increase OER performance. For example, it has been reported that in the Ni/Co 

(oxy)hydroxides, Fe-doping dramatically enhances OER activity by providing more active 

sites.86–88 Co and Ni doped hematite surfaces have been theoretically predicted to have 

the minimum overpotential among all considered dopants (Ti, Mn, Co, Ni, Si),89 which is 

further validated by the experimental results.90 

The introduction of new element also can induce lattice strain and thus affects the OER 

performance. For instance, in the study of B-site ions’ doped SrCoO3-δ, it it found that 

larger iron doping leads to lattice distortion and lattice strain. This turning of the 

structure influences the stability and performance of the oxide as an OER 

electrocatalyst.91 

1.5.3 Ferroelectric polarization 

During the photocatalytic water splitting process, it takes hundreds of picoseconds for 

carriers migration while it only takes several picoseconds for the carrier recombination in 

bulk much faster than the carrier transportation.5 Polarization electric field can be used 

to promote charges separation and hence enhance photocatalytic performance. Some 

ferroelectric materials with spontaneous polarization have been demonstrated to show a 

better photocatalytic performance. For instance, under simulated light, compared to 

paraelectric BaTiO3, Rhodamine B (RhB) decolorization performance of the ferroelectric 

BaTiO3 increases by three times.92 
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In addition, the polarization can also influence the molecular adsorption,93 and the 

surface reaction.94,95 It has been shown that compared to unsupported TiO2, the OER 

performance for heterostructures of TiO2 on a polar substrate is significantly improved 

due to dynamical induced dipoles.96 Moreover, as described by the Sabatier principle, if 

the interaction between the adsorbate and the catalyst is too weak, the reagent will not 

be able to bind to the catalyst, and if this interaction is too strong, the reaction product 

will fail to be desorbed. Hence, there is a trade-off, that is, the strength of the adsorption 

between the reagent and the surface is as strong as possible, and the adsorption between 

the product and the surface is as weak as possible. This compromise will fundamentally 

lead to limited catalytic activity. The relationship between the catalytic activity of various 

catalytic surfaces and the strength of molecular adsorption can be shown as a volcano 

diagram similar to Figure 1.6. The strength of adsorption between the catalyst and the 

intermediate largely depends on the surface electronic state. If there is a single surface 

whose activity is adjustable from strong binding of reagent to weak binding of product, 

through external control, then the limitation of the Sabatier principle can be overcome. 

One possibility is the using of the ferroelectric materials whose surface electric properties 

is tunable via switching the polarization direction. So far, this approach has been applied 

in various reactions to improve the surface chemistry and the catalytic activity. For 

example, the CrO2 monolayer on ferroelectric PbTiO3 is allowed to directly decompose 

NOx and oxidize CO while avoiding oxygen and sulfur poisoning.94 Recently, some DFT 

calculations have shown that the fundamental limitations on catalytic efficiency from 

Sabatier principle can be overcome by switching the out-of-plane polarization directions 

for the ferroelectric materials.94,97 

1.5.4 Anion ordering 

In the past decades, transition metal oxynitrides, especially the perovskite oxynitrides, 

as photocatalyst have attracted much attention due to their suitable band gaps.98,99 

Recently, it has been found that the anion arrangements of N3- and O2- in the perovskite-

oxynitride crystals are controllable, which can be used to modify the electronic features 

of the material.100 The relationship between the anion orderings and electronic features 

in CaTaO2N has been studied, which shows that the band gaps of CaTaO2N with different 

order of anions are significantly different. Since the structures with three dimensional 
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anion orderings have more positive valence band maximum relative to two-dimensional 

ones, it is recommended that they are more suitable for the OER.101 

1.5.5 Other strategies 

In addition to the above mentioned strategies to improve the oxygen evolution 

performance of photocatalyst, other methods such as the formation of oxygen vacancies, 

fabrication of special microstructures and surface modification can also effectively 

promote the OER activity. Oxygen vacancies on the surface can boost the separation of 

the photogenerated carriers.102 For instance, for the BiOCl nanosheets, it is found that 

the surface of (010) with the dissociatively adsorbed water on the oxygen vacancies shows 

a higher oxidation tendency than the (001) surface with molecularly adsorbed water on 

the oxygen vacancies, which results in an enhanced oxygen evolution performance.103 

Since the special morphology of the photocatalyst often brings the advantages like larger 

specific surface area, more favorable visible light absorption and faster migration of 

photogenerated carriers, a variety of methods have been carried out to fabricate the 

photocatalysts with special morphology. By the two-phase approach, the unique conical 

shape of BiVO4 was obtained and it shows a higher oxygen evolution rate than that of the 

BiVO4 nanosheets.104 The surface medication like hydrogenation treatment has also been 

studied. The O2 evolution rate of hydrogenated WO3 is about two times higher than the 

pristine WO3.105 
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Chapter 2 

Methodology 

In this chapter, a brief introduction on DFT and simulation methods is given. Firstly, we 

briefly introduce the Schrödinger equation, Born-Oppenheimer approximation and 

Hartree-Fock approximation. Then, the DFT is discussed, like Thomas-Fermi model, the 

theorems of Hohenberg, the Kohn-Sham equations and Exchange Correlation Functionals. 

At the end of this chapter, we simply present the simulation methods used in this project. 

2.1 Schrödinger equation 

The time-independent, nonrelativistic Schrödinger equation  

 �̂�𝛹(𝑟, �⃗⃗�) = 𝐸𝛹(𝑟, �⃗⃗�) (2-1) 

Where 𝑟 is the set of all electrons coordinates {𝑟} and �⃗⃗� is the set of all nuclei coordinates 

{�⃗⃗�} . E is energy eigenvalue and 𝛹  is wave function. The Hamiltonian operator �̂�  is 

composed of the kinetic energy and interaction energy of the particles (electrons and 

nuclei). 

 �̂� = �̂�𝑒 + �̂�𝑁 + �̂�𝑒−𝑁 (2-2) 

And 

 
�̂�𝑒(𝑟) = �̂�𝑒(𝑟) + �̂�𝑒(𝑟) = − ∑

ħ2

2𝑚
𝛻𝑟𝑖

2 +
1

2
∑

𝑒2

|𝑟𝑖 − 𝑟𝑖′|
𝑖,𝑖′𝑖

 
(2-3) 

 
�̂�𝑁(�⃗⃗�) = �̂�𝑁(�⃗⃗�) + �̂�𝑁(�⃗⃗�) = − ∑

ħ2

2𝑀𝑗
𝛻𝑅𝑗

2 +
1

2
∑

𝑍𝑗𝑍𝑗′𝑒2

|�⃗⃗�𝑗 − �⃗⃗�𝑗′|
𝑗,𝑗′𝑗

 
(2-4) 

 
�̂�𝑒−𝑁(𝑟, �⃗⃗�) = �̂�(𝑟, �⃗⃗�) = −

1

2
∑

𝑍𝑗𝑒2

|𝑟𝑖 − �⃗⃗�𝑗|
𝑖,𝑗

 
(2-5) 

here, in equation (2-3), �̂�𝑒(𝑟) represents the kinetic and interaction energy of the electrons. 

In equation (2-4), the energy of nuclei �̂�𝑁(�⃗⃗�) is composed of the kinetic energy of the nuclei 
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and the nucleus-nucleus interaction. In equation (2-5), �̂�𝑒−𝑁(𝑟, �⃗⃗�) represents the nuclei-

electrons attractive electrostatic interaction.  

Notice that the number of electrons is considerably larger than the number of nuclei. For 

example, there are about 5 x 1022 nuclei and 7 х 1023 electrons per cubic centimeter of Si. 

Thus solving the Schödinger equation for practical materials is very complicated and 

impracticable. Several approximations have been developed to simplify the solution of the 

Schödinger equation. 

To simplify the Schödinger equation of many-body system, due to large weight difference 

between the nucleus and electron, the nuclei and electrons can be regarded as two 

independent subsystems, and the movement of electrons in the actual system can be 

separated from the movement of the nuclei. This is the Born-Oppenheimer approximation, 

also known as the adiabatic approximation.106 

Under the Born-Oppenheimer approximation, the solution of the Schödinger equation (2-

1) of the many-body system can be written as: 

 𝛹𝑛(𝑟, �⃗⃗�) = ∑ 𝑥𝑛(�⃗⃗�)Ф𝑛(𝑟, �⃗⃗�)

𝑛

 (2-6) 

Ф𝑛(𝑟, �⃗⃗�) is the solution of the Schödinger equation �̂�0(𝑟, �⃗⃗�)Ф𝑛(𝑟, �⃗⃗�) =

𝐸𝑛(�⃗⃗�)Ф𝑛(𝑟, �⃗⃗�) determined by many-electron Hamiltonian operator �̂�0 = �̂�𝑒(𝑟) + �̂�𝑁(𝑅) +

�̂�𝑒−𝑁(𝑟, 𝑅). By separating the variables, the Schödinger equation satisfied by the many-

electron system can be obtained: 

[− ∑
ħ2

2𝑚
𝛻𝑟𝑖

2 −
1

2
∑

𝑍𝑗𝑒2

|𝑟𝑖 − �⃗⃗�𝑗|
𝑖,𝑗

+

𝑖

1

2
∑

1

|𝑟𝑖 − 𝑟𝑖′|
𝑖,𝑖′

] Ф =  [− ∑ �̂�𝑖 +

𝑖

∑ �̂�𝑖𝑖′

𝑖,𝑖′

] Ф = 𝐸Ф 

 

(2-7) 

The equation can be simplified into the form described by the single-particle operator �̂�𝑖 

and the two-particle operator �̂�𝑖𝑖′ . Due to the interaction between electrons �̂�𝑖𝑖′ , it is 

difficult to solve this equation. 

The many-electron Schödinger equation can be simplified to a single-electron effective 

potential equation by Hartree-Fock approximation, known as single-electron 

approximation.107 The Hartree-Fock theory is very accurate for describing atoms and 

molecules. However, for periodic solids, this method is unrealistic, and the density 

functional method is more effective. 
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2.2  Density functional theory 

Density functional theory (DFT) as one of the most popular and successful quantum 

mechanics methods, has been applied for calculating the electronic structure of solids in 

physics and the binding energy of molecules in chemistry. Although some approximations 

are required, DFT enables researchers to study surface reactions on atomic level by 

calculating adsorption energy and electronic structure. Hence, in this thesis, the DFT is 

the basic theoretical tool to investigate the OER for water splitting on oxynitride 

photocatalysts.  

2.2.1 Thomas-Fermi model 

In 1927, Thomas and Fermi proposed Thomas-Fermi (TF) model, the predecessor of DFT. 

The electron density is used as the variable to replace the wave function, which greatly 

simplifies the problem from the Hartree-Fock equation.108 In this model, the exchange 

and correlate between electrons are not considered. In 1930, Dirac corrected this model 

by adding the local approximation of exchange interaction,109 and the total energy of the 

electronic system can be expressed as: 

𝐸[𝜌(𝑟)] = 𝐶1 ∫ 𝜌(𝑟)
5
3𝑑𝑟 + ∫ 𝑉(𝑟)𝜌(𝑟)𝑑𝑟 + 𝐶2 ∫ 𝜌(𝑟)

4
3𝑑𝑟 +

1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
 𝑑𝑟𝑑𝑟′ 

(2-8) 

here, the four items of the right part of the equation are kinetic energy local 

approximation, external potential energy, exchange-related energy and electrostatic 

interaction energy between electrons, respectively. The electron density of ground states 

can be obtained by looking for the lowest energy 𝐸[𝜌(𝑟)]. However, due to the inaccurate 

representation of the kinetic energy and exchange energy, this theory has no practical 

significance for describing the properties of molecules and solids, and has not been widely 

used. 

2.2.2 The theorems of Hohenberg and Kohn 

In 1964, Hohenberg and Kohn proposed the theory of inhomogeneous electron gas based 

on the Thomas-Fermi model and established a strict DFT.110 The Hohenberg-Kohn (HK) 

theory contains the following two theorems: 
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First theorem: The ground state energy of the system is only decided by the electron 

density. 

Second theorem: The ground state energy of a system with an external potential is given 

by the minimum value of the energy functional and the density that minimizes the energy 

of the functional corresponds to the ground state density. 

From this, the ground-state energy functional of the many-electron system can be given 

as: 

𝐸[𝜌(𝑟)] = ∫ 𝑉(𝑟)𝜌(𝑟)𝑑𝑟 + 𝑇[𝜌(𝑟)] +
1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ + 𝐸𝑋𝐶[𝜌(𝑟)] 

(2-9) 

here, the four items of the right part of the equation are external potential energy, 

electronic kinetic energy, Coulomb repulsion energy between electrons and the exchange-

correlation (XC) energy, respectively. The equation only gives the idea of solving the 

ground state energy of the system theoretically. However, the HK theorems do not provide 

a practical approach to compute the ground-state energy for a many-electron system 

because the specific form of the electron density function, kinetic energy functional, and 

XC energy functional are unknown. 

2.2.3 The Kohn-Sham equations 

The Kohn-Sham method uses a non-interacting particle kinetic energy functional 𝑇𝑆[𝜌] 

instead of 𝑇[𝜌], and by assuming it is known, makes use of the single-electron wave 

function to construct the system electron density: 

 
𝜌(𝑟) =  ∑|𝜑𝑖(𝑟)|2

𝑁

𝑖=1

 
(2-10) 

 
𝑇𝑆[𝜌] = ∑ 𝑑𝑟𝜑𝑖

∗(𝑟)(− ▽2)𝜑𝑖(𝑟)

𝑁

𝑖=1

 
(2-11) 

The variation of 𝜌(𝑟) is used to replace the variation of 𝜑𝑖(𝑟), and 𝐸𝑖 is used to replace 

Lagrange multiplier. 

𝛿 {𝐸[𝜌(𝑟)] − ∑ 𝐸𝑖 [∫ 𝑑𝑟𝜑𝑖
∗(𝑟)𝜑𝑖(𝑟) − 1]

𝑁

𝑖=1

} 𝛿𝜑𝑖(𝑟)⁄ = 0  
(2-12) 

 

The effective local potential is: 
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𝑉𝐾𝑆[𝜌(𝑟)] = 𝑣(𝑟) + ∫

𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ +

𝛿𝐸𝑋𝐶[𝜌]

𝛿𝜌(𝑟)
 

(2-13) 

The Kohn-Sham equation is: 

 
[− ▽2+ 𝑣(𝑟) + ∫

𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ +

𝛿𝐸𝑋𝐶[𝜌]

𝛿𝜌(𝑟)
] 𝜑𝑖(𝑟) = 𝐸𝑖𝜑𝑖(𝑟) 

(2-14) 

These equations can be solved in a self-consistent manner. In the equation (2-13), the 

initial guess of the density 𝜌(𝑟) is used to determine the effective potential 𝑉𝐾𝑆[𝜌(𝑟)]. 

Solving the equation (2-14), the wave functions 𝜑𝑖(𝑟) can be calculated and a new density 

is calculated from equation (2-10). The process will iterate until it reaches the self-

consistency. 

2.2.4 Exchange correlation functionals  

In the Kohn-Sham equation, the ground state problem of the many-electron system is 

reasonably transformed into an effective single-electron form. As XC energy includes 

unknown items, it is vital to have an approximation of XC functionals to solve the Kohn-

Sham equation. Local Density Approximation (LDA)111 and Generalized Gradient 

Approximation (GGA)112 are two widely used approximations. 

LDA is the first and easiest way to deal with XC energy. The basic idea of this 

approximation are: 1) the charge density of a non-uniform electronic system is slowly 

changing and the whole system can be divided into many small volume units dV(r); 2) the 

charge density in each small volume unit is approximately considered to be constant, 

which means that for the inhomogeneous electron gas system, the electron density in each 

volume only depends on the spatial position r. Therefore, the LDA XC energy is shown as: 

 
𝐸𝑋𝐶

𝐿𝐷𝐴[𝜌] ≅ ∫ 𝜌(𝑟)휀𝑋𝐶[𝜌(𝑟)]𝑑𝑟 
(2-15) 

where, 휀𝑋𝐶[𝜌(𝑟)] is the exchange and correlation energy density of a uniform electron gas 

without electron-electron interaction.  

If the spin polarized of electron is taken into consideration the XC energy also is 

dependent on the spin density of electron. This is the local spin density approximation 

(LSDA). The XC energy is shown as: 

 
𝐸𝑋𝐶

𝐿𝐷𝐴[𝜌↑, 𝜌↓] ≅ ∫[𝜌↑(𝑟) + 𝜌↓(𝑟)]휀𝑋𝐶[𝜌↑, 𝜌↓]𝑑𝑟3 
(2-16) 
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The LDA generally will provide accurate descriptions of materials’ properties, because 

the systematic error can be canceled by itself. The LDA has a good performance on many 

systems, especially the metallic system. The calculated basic properties (like structural 

parameters, phase stability, vibrational frequencies and density of states) are in good 

consistent with the results from experiment. However, LDA has some disadvantages. It 

is only suitable for systems with slow density change. When the distribution of electron 

density is inhomogeneous, it is difficult to describe the materials’ properties. In addition, 

the LDA usually underestimates the band gaps of the materials. 

In the actual system, the electron density is not uniformly distributed like free electron 

gas. Therefore, using gradient expansion for 𝐸𝑋𝐶 in the real system, the inhomogeneity of 

electron density can be better described. The GGA functional makes the XC energy rely 

on not only the electron density but also the derivative of the density, ∇𝜌(𝑟), and shows 

the form: 

 
𝐸𝑋𝐶

𝐺𝐺𝐴[𝜌] ≅ ∫ 𝜌(𝑟)휀𝑋𝐶[𝜌(𝑟)]𝑑𝑟 + ∫ 𝐹𝑋𝐶[𝜌(𝑟), ∇𝜌(𝑟)]𝑑𝑟  
(2-17) 

There are various forms of 𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌] . The commonly used XC functional for GGA are 

Perdew-Burke-Ernerhof (PBE),112 Perdew-Wang 91 (PW91),113 Becke,114 BLYP115 and so 

on. At present, PBE and PW91 are commonly used in the fields of physics and chemistry. 

The recently developed PBEsol is more suitable for solid surface and interface calculations. 

As illustrated in Figure 2.1, Jacob’s ladder is used to categorize functionals from LDA to 

hybrid-GGA. Although there are the strengths and weaknesses for each rung, the global 

predicted results for most properties and the related computational cost will increase as 

moving from the lower rung to the higher one. Hence, users can choose the functional 

according to their requirements for accuracy or computational efficiency. 
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Figure 2.1. Illustration of XC functionals by the Jacob's ladder. Reproduced with 

permission.116 Copyright 2016, Chemical Society reviews 

2.3  Implementations 

There are a wide-range of DFT-based calculation software packages and each has its own 

characteristics. The common used codes for solids are Vienna Ab initio Simulation 

Package (VASP),117–120 quantum espresso (QE)121 and ABINIT122–126. The main simulation 

code used in this project is VASP. 

From DFT simulations, the energy of possible structures can be calculated to well predict 

the crystal structures. In addition to crystal structures, the structures of molecules and 

surface also can be optimized by DFT calculations. Among various physical properties, it 

is critical to know the electronic structure of materials. And density of state and band 

structure are the two quantities to describe materials’ electronic structure, which can be 

obtained using DFT calculations. Moreover, the vibrational frequencies can be calculated 

to study the zero-point energies of materials. In the chemical reaction process, through 
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determining the transition states, the energy barriers can be calculated and hence the 

rates of the reaction can be measured. Furthermore, the surface energy and the molecular 

adsorption can be examined by DFT calculation, and the details of surface energy 

calculations are discussed in section 2.4. Therefore, DFT simulations have broad 

applications in the catalyst field, especially the catalytic activity on the surface of the 

structure.  

2.4  Surface energy calculation 

The symmetric slab with two same terminations is built to calculate the surface energy 

(γ).127 The cleavage energy for the termination is calculated from the following equation: 

 𝐸𝑠𝑢𝑟𝑓
𝑢𝑛𝑟  = 

1

4
 [𝐸𝑠𝑙𝑎𝑏

𝑢𝑛𝑟 (A) + 𝐸𝑠𝑙𝑎𝑏
𝑢𝑛𝑟 (B) - n𝐸𝑏𝑢𝑙𝑘] (2-18) 

where 𝐸𝑠𝑙𝑎𝑏
𝑢𝑛𝑟 (A) and 𝐸𝑠𝑙𝑎𝑏

𝑢𝑛𝑟 (B) are the total energies of the unrelaxed slab with A and B 

terminations, respectively. 𝐸𝑏𝑢𝑙𝑘  is the energy of the bulk and n is the number of the 

related bulk in these two slabs. 

The relaxation energy can be obtained via equation:128 

 𝛥𝐸𝑠𝑢𝑟𝑓
𝑟𝑒𝑙 (X) = 

1

2
 [𝐸𝑠𝑙𝑎𝑏

𝑟𝑒𝑙 (X) - 𝐸𝑠𝑙𝑎𝑏
𝑢𝑛𝑟 (X)] (2-19) 

where 𝐸𝑠𝑙𝑎𝑏
𝑟𝑒𝑙 (X) and 𝐸𝑠𝑙𝑎𝑏

𝑢𝑛𝑟 (X) are the energies of the relaxed and unrelaxed X-terminated 

slabs, respectively. The surface energy of X-terminated surface is then given by: 

 𝛾(X) = [𝐸𝑠𝑙𝑎𝑏
𝑢𝑛𝑟 (X) + 𝛥𝐸𝑠𝑢𝑟𝑓

𝑟𝑒𝑙 (X) ]/S (2-20) 

where S is the surface area of the slab. 

2.5  OER mechanism 

We study the OER at standard conditions (T = 298 K, P = 1 bar, pH = 0), within the 

computational SHE framework, by considering a widely used mechanism composed of 

four proton-coupled electron-transfer (PCET) steps:12,26  

 * + H2O → OH* + H+ + e−, (2-21) 

 OH* → O* + H+ + e−, (2-22) 

  O* + H2O → OOH* + H+ + e−, (2-23) 
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  OOH* → * + O2 + H+ + e−. (2-24) 

where the symbol * indicates a surface reaction site and O*, OH* and OOH* are adsorbed 

oxygen, hydroxyl and hydroperoxy intermediates, respectively. It is assumed that the 

entire OER requires an energy of 4.92 eV (i.e. 1.23 eV for each of the four steps at 

equilibrium conditions). 

We calculated the change in reaction free energy (ΔG) of each OER step as: 

 ΔG(U, pH, T) = ΔE + ΔZPE - TΔS + ΔGU + ΔGpH (2-25) 

where, the reaction energy ΔE can be obtained from the DFT total energies and ΔZPE is 

the change in zero-point energies. ΔS is the change in entropy, where for gas phase 

molecules values from standard tables are used 129, while the entropy of adsorbed species 

is assumed to be zero. The influence of a bias potential on all steps containing electron 

transfer is accounted for by modifying the free energy difference by ΔGU = -eU, where U 

is the electrode potential vs SHE. The free energy of H+ ions depends on the concentration, 

thus the free energy of H+ ions is corrected by the equation, ΔGpH = kB T ln[H+] = - kB T 

ln10 pH at pH≠0. 

The highest electrode potential is needed for the reaction with the largest Gibbs free 

energy to be downhill in Gibbs free energy. For example, in Figure 1.5, Gibbs free energy 

of step 3 to be downhill requires potential of 1.60 V. 

As discussed in section 1.3.4, the theoretically thermodynamic overpotential (theoretical 

overpotential, η), can be used to qualitatively explain the OER activity, which is 

calculated by the following equation.26 

 η = 
ΔG𝑚𝑎𝑥

𝑒
− 1.23 𝑉 (2-26) 

The reaction with the largest Gibbs free energy (ΔG𝑚𝑎𝑥) among the four OER steps is 

hence the potential determining step. Since the Gibbs free energy (ΔG) of each reaction 

step is equivalently affected by kB T ln10 pH at pH≠0, the theoretical overpotential, η, is 

pH-independent.  

The stability of the surfaces with O*/OH* coverage relative to the clean surface at pH=0 

were calculated according to the following equations:130 

 ΔG=ΔE4O* − Eclean + 4𝐸𝐻2
− 4𝐸𝐻2𝑂 + (ΔZPE − TΔS) − 8eU (2-27) 

 ΔG=ΔE4OH* − Eclean + 2𝐸𝐻2
− 4𝐸𝐻2𝑂 + (ΔZPE − TΔS) − 4eU (2-28) 
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Chapter 3 

Anion Ordering, Strain, and Doping 

Engineering of the OER in BaTaO2N 

This chapter is based on the work shown in paper 1-“Theoretical Insight on Anion 

Ordering, Strain, and Doping Engineering of the Oxygen Evolution Reaction in 

BaTaO2N”. The paper is  included in Appendix. 

3.1  Introduction 

Over the last decade, oxynitrides have been investigated for multiple applications, 

ranging from ferroelectricity,131 over electrocatalysis132 to photocatalysis.3 In general, by 

combining oxygen and nitrogen as anions, oxynitrides show higher stability in air and 

moisture compared to pure nitrides, and the perovskite-structured oxynitrides display 

smaller band gaps than those of pure oxides,73 which contribute to their attractive 

electronic and optical properties in photocatalysis or photoelectrocatalysis for water 

splitting devices. Among the identified compositions,98 BaTaO2N is one of the promising 

candidates as photoelectrocatalysts for water splitting, because of its optical band gap 

(approximately 1.9 eV, which is close to the minimum energy needed to split water once 

the bare energy to split water and the reaction overpotentials are considered)134 and band-

edge positions, which straddle the redox potentials of the hydrogen and oxygen evolution 

reactions.135–138 Although much effort has been carried out to improve the performance of 

BaTaO2N for water splitting, its photocatalytic activity is still far from practical 

applications.135,136,139–141 One of the strategies to improve the catalytic activity is to reduce 

the overpotentials required to split water into molecular oxygen and hydrogen. The lowest 

theoretical overpotentials for the OER on oxides and oxynitrides are predicted to be 0.2-
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0.4 V.26 Therefore, the surface reaction, especially for OER, is a critical bottleneck, which 

currently limits the efficiency of solar-to-chemical conversion and ultimately the use of 

oxynitrides as materials for water splitting. 

The properties of perovskite oxynitrides are sensitive to the surface local structure and 

oxygen/nitrogen ordering.49,101,142 The ordering of the O/N anions in oxynitrides is caused 

by the four coordinate ionic radii of O2− (1.38 Å) and N3− (1.46 Å) and the corresponding 

chemical bonding environment (valence) between O/N and neighboring high-valence 

metals (M-O or M-N).143,144 Therefore, different exposed surface terminations also show 

different O/N anionic orderings, which affects the physicochemical properties and 

catalytic activity.145 In addition to this, doping and strain engineering have been proved 

to be effective methods in tailoring the surface electronic structures and catalytic 

properties.146–149 Substitution (or partial substitution) of the A site and/or B site by other 

elements with different radii or valences,150 as well as strain manipulations, can easily 

alter the geometrical and electronic structure of the active sites.151 A typical example is 

efficient electrochemical N2 reduction could be achieved by doping strain induced bi-Ti3+ 

pairs.152 More specifically for perovskite oxynitrides, the changes in properties due to the 

applied strain have also been verified experimentally, starting from computational 

predictions, such as the change in the anion arrangement in Ca1−xSrxTaO2N,151 the 2D to 

3D crossover on a cubic lattice of correlated disorder of O and N atoms within the 

Ba1−xSrxTaO2N series,153 and the creation and switching of anion vacancy layers in 

SrVO2.2N0.6.154 Another example is that epitaxial strain effects lead to a tetragonal 

distortion of the BaTaO2N perovskite unit cell, with negligible volume change, which 

shows a unique combination of high dielectric permittivities and insensitivity to changes 

in temperature.155 Furthermore, a ferroelectric response in tensile-strained SrTaO2N 

films is observed due to a change of the anion ordering as a function of the applied 

strain.156 Regarding the electronic properties,  tuning of the bandgap has been achieved 

in Y-substituted LaTaO2N from an orthorhombic strain.157 From the perspective of 

photocatalysis, controlling the morphological and structural variations of LaTiO2N and 

CoOx nanoparticles could influence the strain in the structure and hence promote the 

photocatalytic O2 evolution.158 It has also been reported that Au-SrTiO3 with tensile 

strain, where the strain is induced by the difference of the thermal expansion coefficient 

between Au and SrTiO3, shows 10.5 times higher photocatalytic activity for water 

splitting than the unstrained Au-SrTiO3.159 The significant increase in the rate of H2 and 
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O2 formation has also been reported for strained TiO2, where the strain is obtained by Au 

dispersion.160 

In this chapter, we show that doping and strain engineering in particular can be used to 

improve the catalytic OER performance of BaTaO2N for water splitting. Using DFT 

calculations, we have investigated the role of anion ordering, strain and doping 

modifications in the OER for the (100) TaO2N-terminated and (001) TaON-terminated 

surfaces of BaTaO2N. The theoretical overpotential for OER on the clean TaO2N surface 

( = 1.64 V) is much higher than that of a clean TaON surface ( = 0.97 V). On the other 

hand, under realistic (photo-) electrochemical conditions, the full oxygen-covered TaO2N 

surface shows the lowest theoretical overpotential of 0.37 V when 1% tensile uniaxial 

strain in the [001] direction (Figure 3.1b) is applied, compared to 0.59 V that can be 

achieved by the TaON termination with full OH coverage and 4% compressive uniaxial 

strain in the [010] direction. A possible strategy to achieve a lower theoretical 

overpotential closer to the theoretical limit is to combine strain with doping. The Ca-doped 

TaON-terminated BaTaO2N (001) surface, with 4% tensile uniaxial strain in [010] 

direction, shows a theoretical overpotential of 0.53 V for the clean surface. 

3.2  Computational details 

The calculations were performed by using the projector augmented wave (PAW)161 

potentials implemented in the VASP package117 in the framework of the generalized 

gradient approximation (GGA). The Perdew–Burke–Ernserhof revised for solids (PBEsol) 

exchange-correlation potential162 was used for optimizing the bulk structures, while for 

surface calculations we used the Perdew–Burke–Ernserhof (PBE).163 The Brillouin zone 

of the 40-atom bulk unit cells, which is the smallest cell allowing the representation of 

the correct anion ordering, is sampled with a 6 × 6 × 6 Γ-centered Monkhorst–Pack k-

point mesh and for the slab, it is sampled with a 6 × 6 × 1 Γ-centered Monkhorst–Pack k-

point mesh.164 The slab model includes eight atomic layers where the bottom four layers 

were fixed, and a vacuum thickness of 20 Å was added to separate the reciprocal images. 

For the doping modification, one Ba atom in the sublayer was replaced by Sr or Ca, and 

the corresponding doping concentration is 6.25%. Dipole correction was also included. 

Grimme’s D3-type method was carried out for van der Waals interaction corrections.165 A 

plane-wave energy cutoff of 550 eV was used. Cell and atomic positions were fully relaxed 
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until the forces on the atoms were below 0.02 eV/Å. These structures were then used to 

build the surface models, for which only the atomic positions have been relaxed, keeping 

the cell frozen. The energy barrier for formation of N2 on the (100) surface of BaTaO2N 

was calculated using the climbing images nudged elastic band (CI-NEB) method and the 

structures were relaxed with force less than 0.05 eV/Å.166 A more sophisticated semi-local 

functional (GLLB-SC)167,168 was used to calculate the band gap of bulk BaTaO2N as 

implemented in the GPAW program package.169 All data are stored and freely available 

at the address: DTU DATA.170 The calculation of surface energy and OER mechanism can 

be seen in Chapter 2.4 and 2.5. An empirical method based on the electronegativity of the 

constituent elements, and the band gap was applied to estimate the valance-band edge.171 

3.3  Results and discussion 

3.3.1 Structure of BaTaO2N 

The perovskite structure of BaTaO2N exists two possible N/O orderings in the TaO4N2 

octahedral structures: one is “cis-type” TaO4N2 octahedra corresponding to N−Ta−N 

bonds with 90° angles and the other one is “trans-type” octahedra with 180° N−Ta−N 

bonds drawn in Figure 3.1a.172 Here, we consider different configurations with various 2D 

O/N orderings and the cis-ordered structure shown in Figure 3.1b, is thermodynamically 

most stable among all the structures considered. The 40-atom bulk supercell is the 

smallest cell allowing representation of the correct anion ordering as well as possible 

octahedral distortions. The corresponding lattice parameters are a = b = 8.287 Å and c = 

8.095 Å. The band gap of bulk BaTaO2N is 2.49 eV, which is narrow enough to absorb 

visible light. To study photo-oxidation, it is essential to determine the position of valence-

band edge versus SHE at pH=0 as the driving force for OER is provided by holes at the 

upper edge of the valence band. The calculated VB edge position is 2.20 eV vs SHE, which 

could provide an additional potential of 0.97 V with respect to the OER potential. 

The two most commonly exposed (100) and (001) facets have been studied. As reported in 

Figure 3.1c-d, each facet has two terminations: for the (100) facet TaO2N and BaON-

terminated surface; and for the (001) facet, TaON and BaO2-terminated surface. As 

indicated by the surface energies in Table 3.1, the Ta-exposed surfaces have the lowest 

energies, for both the (100) and (001) facets, for which we now investigate their catalytic 
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properties. For TaO2N-terminated (100) surfaces, there are 1/3 N atoms within anions 

and the two N atoms are in the symmetric sites, while for the TaON-terminated (001) 

surface, there are 1/2 N atoms within anions and each two N atoms connected to the Ta 

atom forms N−Ta−N bonds with 90° angles. 

 

Figure 3.1. (a) Schematic representation of the anion ordering in a TaO4N2 mixed-anion 

octahedron. Structure of the (b) bulk BaTaO2N, (c) (100) surface of BaTaO2N with TaO2N 

termination on top and (d) (001) surface of BaTaO2N with TaON termination on top. 

 

Table 3.1. Calculated surface energies of different surfaces 

Facet Termination Surface energy (eV/Å2) 

(100) TaO2N 0.032 

 BaON 0.056 

(001) TaON 0.081 

BaO2 0.086 

 



 

 

32 

 

3.3.2 TaO2N-terminated (100) surface  

As shown in Figure 3.2 a-d, the OH and OOH fragments prefer to adsorb on top of one of 

the Ta atom on the surface. The situation is different for O. When there is only one O, it 

adsorbs on the bridge site between Ta and N, while for full O coverage, half O atoms are 

adsorbed on the bridge site and half O atoms are located on top of the Ta atom. To predict 

the most relevant surface coverage under (photo)-electrocatalytic operating conditions, 

surface Pourbaix diagrams are computed at pH = 0, as shown in Figure 3.2e. The clean 

surface is stable only at low potential (below 0.47 V). At operating conditions, where the 

potential is higher than 1.23 V, the full O coverage is the energetically most stable. 

 

Figure 3.2. Structure of the (100) surface of TaO2N-terminated BaTaO2N with (a) 1/4 

OH, (b) 1/4 O, (c) 1/4 OOH and (d) 1 O adsorbates. The purple ball and white ball represent 

the adsorbate O and H atoms, respectively. (e) Surface Pourbaix diagram of the TaO2N-

terminated (100) surface at pH = 0.  

 

To investigate the role of the surface, we first study the OER on the clean surface. The 

surface configurations are shown in Figure 3.3a: the deprotonation of the H2O molecule 

forms OH in step 1; then in step 2, OH is deprotonated to form an adsorbed oxygen O, 

when it comes in contact with another deprotonated H2O molecule forming OOH (step 3); 

and finally, in step 4, an O2 molecule forms from the deprotonation of OOH and eventually 

leaves the surface. From the free energy diagrams (Figure 3.3a), we can see that the 

potential determining step (PDS) is the formation of OOH with a free-energy difference 

of 2.87 eV, which results in a theoretical overpotential of 1.64 V. 
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For the full O coverage, half of the O atoms are adsorbed on the bridge sites and half O 

on top of Ta, therefore there are three kinds of possible reaction sites resulting in three 

possible OER paths. First the reaction could continue from an O on the bridge site. While 

we find that OOH cannot be formed from the bridge O, which is similar to the surface 

reaction on Sr2TaO3N.173 Then, we consider the reaction occurring from the O atom on top 

of the Ta atom (Ta1), which shows a theoretical overpotential of  = 0.74 V in Figure 3.3b. 

Surprisingly, when the reaction happens on the Ta atom without O on the top sites (Ta2), 

the theoretical overpotential is only 0.43 V (Figure 3.3c). For all OER processes, the PDS 

are the formation of OOH. To understand the reasons for the much lower theoretical 

overpotential of the latter mechanism, we calculate the Bader charges and the charge 

transfer q from the Ta. These values (Table 3.2) indicates that the Ta with adsorbed O on 

the bridge site is more oxidized, which weakens the Ta and O double bond, that breaks 

more easily on formation of the Ta-OOH intermediate (PDS) leading to a lower theoretical 

overpotential (0.43 V). 

 

Figure 3.3. OER steps and Gibbs free energy diagrams for the (a) TaO2N-terminated 

(100) clean surface, and for the TaO2N-terminated (100) surface covered with full O (b) 

Ta1 site and (c) Ta2 site.  
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Table 3.2.  Bader charge analysis of Ta in the TaO2N-terminated (100) surface layer of 

BaTaO2N with full O coverage. A positive value q indicates that the electrons are removed 

from Ta. 

 Average Bader charge  Charge transfer q (e) 

Ta1  8.44 +2.51 

Ta2 8.49 +2.56 

 

Strain can be used to control the structure of the surface, with its electronic and catalytic 

properties. Therefore, to tune and improve the OER activity, we apply compressive and 

tensile uniaxial strain in both [010] and [001] directions, where the negative value means 

the compressive strain and the positive represents the tensile strain. As indicated by the 

volcano plot in Figure 3.4a, under uniaxial strain in the [010] direction the theoretical 

overpotential increases. This can be seen for both compressive and tensile strain, however 

the effect is more pronounced for tensile strain. This can be explained as a combination 

of a change in the electronic properties of the surface, in particular the hybridization of 

the O-2p and Ta-d orbitals, and a structural modification of the geometry of the surface 

and adsorbate under different strain conditions.174 The response to the uniaxial strain in 

the [001] direction is, however, different. The change of the ΔGO*-ΔGOH* in Figure 3.4a is 

linear with the strain. Under 4% compressive strain, the theoretical overpotential 

increases from 0.43 to 0.77 V, while under tensile strain, the theoretical overpotential 

first decreases, reaching the top of the volcano and afterward increases, on the other 

branch of the volcano. The lowest theoretical overpotential is reached at 1% tensile strain 

and it is equal to 0.37 V. On the left leg of the volcano, the PDS is the formation of OOH 

(Figure 3.4b and 3.5a-c), while on the right branch, we find that the formation of O is the 

PDS (Figure 3.4d and 3.5d). At 1% tensile strain, which is found at the top of the volcano, 

the PDS is shared between the formation of OOH and O (Figure 3.4c). Hence, the uniaxial 

strain in the [001] direction can be used to modulate the PDS and tune the OER 

theoretical overpotential, by changing the adsorption energies of OOH and O on the 

surface.  
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Figure 3.4. (a) Volcano plot of the free-energy difference of (ΔGO*-ΔGOH*) and the OER 

theoretical overpotential (η) for TaO2N-terminated (100) full O covered surfaces. Gibbs 

free energy diagrams for the full O covered TaO2N-terminated (100) surface with (b) 4% 

compressive uniaxial strain in the[010] direction, (c) 1% tensile uniaxial strain in the [001] 

direction and (d) 2% tensile uniaxial strain in the [001] direction. 

 

It should be noted that the oxidation of the N3- ions forming N2 has been put forward for 

oxynitrides175 and perovskite oxynitrides176 by photo-generated holes during the 

photocatalytic reaction, which have been supported by an obvious decrease in nitrogen 

content indicated by XPS. Therefore, we perform NEB calculations to investigate the 

migration of the surface N atoms to form N2. As shown in Figure 3.6, the energy barrier 

is 1.05 eV, and the process is therefore kinetically hindered compared to OER. 
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Figure 3.5. Gibbs free energy diagrams for the full O covered TaO2N-terminated (100) 

surface with (b) 4% compressive uniaxial strain in the [001] direction, (c) 2% compressive 

uniaxial strain in the [001] direction, 4% tensile uniaxial strain in the [010] direction, and 

(d) 4% tensile uniaxial strain in the [001] direction. 

 

Figure 3.6. Energy barrier of surface nitrogen to for N2 on the surface. 
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3.3.3 TaON-terminated (001) surface 

Compared to perovskite oxides where all anions are oxygen, the N/O ordering differs from 

facet to facet. As shown in Figure 3.1c-d, the TaON-terminated (001) surface shows an 

obviously different N/O order compared to the TaO2N-terminated (100) surface. On the 

TaON-terminated (001) surface, the two N atoms connected to the Ta atom forms 

N−Ta−N bonds with 90° angles. The difference of the N distribution on the surface then 

will influence the adsorption of the fragments. The photocatalytic properties of the 

different facets can thus change significantly. As shown in Figure 3.7a, for the clean (001) 

surface, the PDS is the formation of OOH resulting in a theoretical overpotential of 0.97 

V, which is lower than the theoretical overpotential of the corresponding (100) surface 

(1.64 V). This is caused by a change in the adsorption of O. On the (001) surface, the O 

would like to be adsorbed on top of Ta, while on the (100) surface, the O prefers on the 

bridge site with a strong bond with N, which is hard to break to form OOH. 

 

Figure 3.7. (a) Gibbs free energy diagrams for the TaON-terminated (001) clean surface. 

(b) Surface Pourbaix diagram of the TaON-terminated (001) surface at pH=0.  

 

As shown in Figure 3.8, under 4% tensile uniaxial strain, the theoretical overpotential 

decreases from 0.97 to 0.69 V for the clean surface, while when 4 % compressive uniaxial 

strain is applied, the theoretical overpotential changes from 0.78 to 0.59 V for the full OH 

covered surface (most stable under operating conditions shown in Figure 3.7b). Doping 

can be a valuable alternative to strain to modulate the theoretical overpotentials. Since 

for the clean (001) TaON surface, tensile uniaxial strain could reduce the theoretical 

overpotential to only 0.69 V, we attempt to further decrease the theoretical overpotential, 
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by combining the substitution of Ba with isovalent elements with smaller radii and strain. 

We thus replace a sublayer Ba with Ca and Sr. It should be noted that doping alone only 

has a small effect on the OER activities. Sr-doping slightly reduces the theoretical 

overpotential from 0.97 to 0.90 V, and Ca-doping further reduces it to 0.88 V. Moreover, 

combining with 4% tensile uniaxial strain, the smallest theoretical overpotential is 

reached for the Ca-doping on the clean surface (0.53 V), which results from ΔGO*-ΔGOH* 

increasing with doping and strain. All structures with the full OH coverage surface are 

already on the right branch of the volcano, and 4% compressive strain is not enough to 

reach the top of the volcano. In general, this facet requires larger strain compared to the 

(100) facet, which might be hard to achieve experimentally. 

 

Figure 3.8. Volcano plot of the free-energy difference of (ΔGO*-ΔGOH*) and the OER 

theoretical overpotential (η) for both TaON-terminated (001) clean and full OH covered 

surfaces. The uniaxial strain is in the [010] direction.  
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3.4  Summary 

In this chapter, we have investigated the effect that doping and strain engineering have 

on the oxygen evolution reaction for different terminations of the perovskite oxynitride 

BaTaO2N. For the (100) facet TaO2N-terminated surface, under (photo)electrochemical 

conditions, we have discovered that 1% tensile uniaxial strain in the [001] direction can 

lower the theoretical overpotential to 0.37 V from 0.43 V calculated for the structure 

without any applied strain. The (001) facet shows larger theoretical overpotentials 

compared to the (100). As an attempt to reduce them, we apply stain, reaching a 

theoretical overpotential of 0.59 V, under operational conditions, which, however, is still 

larger than what we can achieve for the (100) facet. The reason for the difference between 

the (100) and (001) facets is related to the different anion orderings on the surface. By 

applying a small strain of 1%, which can be easily reached in experiments, this work 

provides guidelines to experimentalists on how we can tune surface chemistry and 

optimize the OER catalytic properties of the material only by controlling anion ordering, 

strain, and doping. 
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Chapter 4 

Enhancing OER by using switchable 

polarization in ferroelectric InSnO2N 

In the previous chapter we have studied the effects that doping and strain engineering 

have on the OER for different terminations of the perovskite oxynitride. In this chapter, 

we further study how the polarization influences the OER activities, especially the 

polarization in ferroelectric oxynitrides. The main text is based on the work shown in 

paper 2-“Enhancing Oxygen Evolution Reaction Activity by Using Switchable 

Polarization in Ferroelectric InSnO2N”. The paper is also included in Appendix. 

 

4.1  Introduction 

Photoferroic materials that combine ferroelectric and light-harvesting properties, are 

promising for optoelectronic applications, like photovoltaics177,178 or 

photo(electro)chemical (PEC) water-splitting.179 The spontaneous polarization of 

ferroelectrics can be reversed by application of an external electric field, with potential 

benefits for photoelectrocatalytic water splitting.95,96,180,181 Due to the strong internal 

electric field induced by the spontaneous electric polarization, the photogenerated 

electrons and holes migrate in opposite directions, which enhances charge-carrier 

separation and promotes photocatalytic properties.182,183 To date, more than 700 

ferroelectric materials have been discovered,184 the majority of those studied for 

photoelectrocatalytic applications are complex oxides, such as perovskite oxides, 

BiFeO3,185 PbTiO3
186,187 and BaTiO3.92,188 However, their band gaps are in the ultraviolet 

(UV) range, they are therefore unable to absorb visible light. Although ferroelectricity 
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could suppress the recombination of photo-induced carriers, the large band gap of these 

oxides will inhibit practical photocatalytic applications. To solve this, the methods like 

substitution of one or more oxygen by nitrogen which leads to the so-called oxynitrides 

has been proposed.45,70 Compared to oxygen, the lower electronegativity of nitrogen 

results in reduced band gaps and higher valence band edges that better match the water 

redox levels.189–191 Recently, a tin oxynitride-based semiconductor, InSnO2N, was 

suggested as a new and promising photocatalyst. It has a direct band gap of approx. 1.61 

eV, resulting in excellent light absorption.77 InSnO2N (Figure 4.1a) is isostructural to the 

multiferroic hexagonal manganites, h-RMnO3 (R=Y, In, Sc, Ho-Lu). These materials are 

improper ferroelectrics, in which the corner-sharing Mn-O trigonal bipyramids are 

separated by layers of R ions and the tilting of the corner-sharing Mn-O trigonal 

bipyramids leads to the “up-down-down” R-cation displacement along c axis (or [001]) that 

causes polarization as a secondary effect and promotes separation of photoexcited 

carriers.192,193  

In addition to light absorption and carrier separation, the performance of InSnO2N in a 

photoelectrochemical device, will depend on its surface redox reaction properties,194 which 

are currently unknown. The major obstacle among the water-splitting redox reactions, is 

the low efficiency of the oxygen evolution reaction (OER).195–197 The OER is a multistep 

reaction involving several intermediates and every step is vital for the overall conversion 

efficiency.24,198 The interaction between catalyst surface and intermediate, strong or weak, 

will directly affect the reaction activity. According to the Sabatier principle, if the 

interaction is too weak, the adsorbate (i.e. the reagent) will be unable to bind to the 

catalyst, while if the interaction is too strong, the reaction product will fail to desorb.97,199 

Consequently, an optimal binding strength corresponds to the maximum OER efficiency 

and a minimum theoretical overpotential. DFT calculations have demonstrated that the 

four-step OER mechanism is fundamentally limited to a minimum theoretical 

overpotential of 0.3-0.4 V, due to the scaling relation between the binding strength of the 

OH and OOH intermediates.26,200 The adsorption strength between the catalyst and 

intermediate largely depends on the surface electronic states. In a ferroelectric material, 

the surface states and their occupation could be altered by switching the polarization 

direction.93,94,201,202 For a given surface, switching of the polarization direction can be used 

to optimize the adsorption strength for intermediates along the OER pathways, 

overcoming the limit imposed by the Sabatier principle. 
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In this work, we have used DFT calculations to investigate the OER performance of 

InSnO2N surfaces with negatively/positively polarized bulk. We find that the clean 

surface with a downward (negatively) polarized bulk has a lower theoretical overpotential 

of 0.58 V vs SHE than the clean surface with an upward (positively) polarized bulk (0.77 

V). Under (photo)-electrochemical operating conditions, for the negatively polarized bulk, 

a 1 monolayer (ML) OH covered surface is the most stable while for the positively 

polarized bulk, a 2/3 ML OH coverage is preferred. The overpotentials for the OER on the 

OH covered surfaces with negatively and positively polarized bulk are both 0.89 V. When 

the polarization direction is switched during the OER, a much lower theoretical 

overpotential of 0.20 V is achieved for the clean surface and 0.23 V for the surface with 

OH coverage. These values are far below the minimum theoretical overpotential for oxides 

(0.37 V),26 demonstrating that improper ferroelectric switching of suitable-band gap 

photoelectrodes is an exciting route to boost the OER activity, the enhancement in 

reaction free energies outweighing the energetic cost for polarization switching by a factor 

6-12.  

4.2  Computational details 

DFT calculations were performed with the Vienna Ab initio Simulation Package 

(VASP).117–119 Exchange and correlation effects were described using the 

Perdew−Burke−Ernzerhof (PBE) functional, in the framework of the generalized gradient 

approximation (GGA).163 We used projector augmented wave (PAW)203 potentials to 

represent the frozen core electrons and nuclei of each atom, and In (5s, 5d, 5p), Sn (5s, 4d, 

5p), O (2s, 2p), and N (3s, 3p) were described as valence electrons, with a plane wave 

cutoff energy of 520 eV. We used a 6 × 6 × 3 Γ-centered Monkhorst Pack k-point mesh164 

for the bulk unit cell (30 atoms) and a 6 × 6 × 1 mesh for slab models (66 atoms). For the 

calculations of the partial density of states (PDOS), we used a Γ-centered k-point mesh 

with 12 × 12 × 6 for the bulk unit cell and 12 × 12 × 1 for the slab. The slab model is 

composed of 9 atomic layers where the bottom 4 layers are kept fixed during relaxation, 

a 20 Å vacuum was added to avoid artificial interaction between periodic images and a 

dipole correction was included.204 Grimme’s D3-correction was used to account for van der 

Waals interactions.165 The spontaneous polarization was calculated according to the Born 

effective charge method,205 where the Born effective charges are derived within Density 
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Functional Perturbation Theory (DFPT).206 All atoms were fully relaxed during the 

structural optimization until the force on each atom was less than 0.02 eV/Å. The band 

gap was determined using the HSE06207 hybrid functional with a plane wave cutoff of 350 

eV and a 6 × 6 × 3 Γ-centered k-point mesh. We studied the OER at standard conditions 

(T = 298 K, P = 1 bar, pH = 0), within the computational standard hydrogen electrode 

(SHE) framework, by considering a widely used mechanism that consists of four proton-

coupled electron-transfer (PCET) steps (see OER mechanism, in section 2.5 ).26,208 The 

Pourbaix diagram gives information regarding the stability against dissolved phases, ions 

and chemical reactions with water.209 The detailed calculation method is explained in ref 

50. All data are stored and freely available in the DTU Data Repository.210 

4.3   Results and discussion 

4.3.1 Structure and properties of InSnO2N 

The InSnO2N structure studied in this work is hexagonal and belongs to the polar space 

group P63cm, as shown in Figure 4.1a. The optimized lattice constants are a=b=6.16 Å, 

c=12.24 Å. The distortion of the Sn-O-N trigonal bipyramids leads to an “up-down-down” 

corrugation of the In cations along c axis (or [001]) with a polarization of 12.04 μC/cm2, 

analogous to the improper ferroelectricity in the hexagonal manganites.192,211 During 

ferroelectric switching, the structure goes through a centrosymmetric phase (P3̅c1) shown 

in Figure 4.2a. Therefore, the energy difference between the non-polar P3̅c1 (Figure 4.2a) 

and the polar P63cm structures (Figure 4.1c) is calculated to evaluate the energy barrier 

for polarization switching. We find an energy difference of 5.50 meV/atom, which is close 

to the switching energy barrier calculated for YMnO3 (5 meV/atom),212,213 but much 

smaller than that for BaTiO3 (28 meV/atom),214 indicating that the polarization in 

InSnO2N can be switched using electric fields. The stability of InSnO2N in the solution 

has also been studied by Pourbaix diagram in Figure 4.1b. The yellow zone represents 

that InSnO2N is stable under a broad range of potential and pHs, corresponding to the 

working OER conditions. InSnO2N can be stable even at the highly acidic/alkaline 

condition. To evaluate the light absorption properties, we calculate the band structure of 

bulk InSnO2N using HSE06: the polar phase InSnO2N is a direct semiconductor with 

band gap of 1.61 eV where both the valence band maximum (VBM) and the conduction 

band minimum (CBM) are located at the Γ point (Figure 4.1d). The suitable band gap and 
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direct transition are desirable to absorb a large fraction of solar light. As for the non-polar 

phase, the band gap is 1.45 eV (Figure 4.2b) which is slightly smaller than the polar one. 

 

Figure 4.1. (a) Structure of bulk InSnO2N with P63cm space group. The arrow represents 

the polarization direction. (b) Calculated Pourbaix diagram for InSnO2N. The diagrams 

are drawn for a concentration of 10-6 M at 25 ℃. (c) Energy barrier of InSnO2N during 

through the centrosymmetric P3̅c1 phase. (d) HSE06 band structure of bulk InSnO2N 

with P63cm (polar) space group. 
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Figure 4.2. (a) Structure of bulk InSnO2N with space group of P3̅c1(centrosymmetric 

phase). (b) HSE06 band structure of bulk InSnO2N with P3 ̅c1 (non-polar) space group. 

 

Changes in polarization direction perpendicular to the surface could be used to modulate 

the surface properties.93 As the polarization in InSnO2N lies along the c axis (or [001]) 

direction, we study the OER on the (001) surface. The (001) facet has two terminations, 

SnN and InO2. To determine which termination is more stable, we calculate surface 

energies127,128 of 1.45 J/m2 and 1.68 J/m2, for the SnN and InO2 terminations respectively 

and consequently investigate the OER on the more stable SnN termination. After surface 

relaxation, the In corrugations remain “up-down-down” for the slab with negatively 

polarized bulk (Figure 4.3a) and “down-up-up” for the slab with positively polarized bulk 

(Figure 4.3d). It should be noted that the polarization in each layer is highly dependent 

on the paraelectric reference state used to calculate the polarization. When the unrelaxed 

centrosymmetric phase is used as reference, all relaxed layers have a negative 

polarization for the nominally negatively polarized slab (Figure 4.3b). On the other hand, 

for the positively polarized slab, due to the surface relaxation, there is an effective 

reversal of the polarization in the first three layers, as shown in Figure 4.3e, despite the 

fact that the In corrugation does not change. When the relaxed centrosymmetric phase is 

used as reference, only the first subsurface layer in the negatively polarized slab has a 
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small positive polarization (Figure 4.3c) and only the surface layer in the positively 

polarized slab has a small negative polarization (Figure 4.3f). Since the In corrugation is 

retained, we believe that relaxations of the interlayer spacing and interlayer rumpling 

are responsible for the subtle local changes in the sign of the polarization.  

 

Figure 4.3. (a) Structure of the InSnO2N (001) surface with negatively polarized bulk. 

Layer-by-layer out of plane spontaneous polarization of the InSnO2N (001) surface with 

negatively polarized bulk using (b) the unrelaxed (c) the relaxed centrosymmetric phase 

as reference state. (d) Structure of the InSnO2N (001) surface with positively polarized 

bulk. Layer-by-layer out of plane spontaneous polarization of the InSnO2N (001) surface 

with positively polarized bulk using (e) the unrelaxed (f) the relaxed centrosymmetric 

phase as reference state. The blue arrows represent the polarization direction. 

 

We investigate the electronic structure for the two slabs with oppositely polarized bulk. 

From the layer-resolved partial density of states (Figure 4.4), there is a positive shift of 

the Fermi level for the surface with positively polarized bulk compared to the surface with 

negative polarization direction, which implies electrons transfer to the surface. This is 

also conformed from the Bader analysis (Table 4.1), which shows charge of positively 
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polarized surface is 0.14 electrons more than the charge of the negatively polarized 

surface. 

 

Figure 4.4. Structures and layer-resolved partial density of states (PDOS) of the 

InSnO2N (001) surface with (a) negatively polarized bulk and (b) positively polarized bulk. 

The arrow represents the polarization direction. Ln (1, 2, 3…9) corresponds to the atomic 

layer of the left structure. The bottom four-layer atoms marked by the dashed rectangle 

are fixed during the optimization. 

 

Table 4.1. Net charge of the atoms on the surface according to Bader charge analysis. 

Positive value indicates that the electron is removed from the atom. 

 N1 (e) N2 (e) N3 (e) Sn1 (e) Sn2 (e) Sn3 (e) 

Negative -1.43 -1.40 -1.40 1.87 1.87 1.87 

Positive -1.40 -1.40 -1.42 1.82 1.82 1.82 

 

4.3.2 OER on the SnN-terminated surface 

To study the effect of the polarization on the OER activity, we first calculate free energy 

differences for the reaction steps on the clean (without adsorbates) (001) surface with 

oppositely polarized bulk. From the free energy profile of the OER in Figure 4.5, we find 

that for the surface with a negatively polarized bulk, the potential determining step is the 



 

 

48 

 

formation of O, resulting in a theoretical overpotential of 0.58 V. For the surface with a 

positive bulk polarization, the binding energies of the adsorbates are more negative as 

shown in Table 4.2. This is due to the higher electron density on the surface with 

positively polarized bulk. The potential determining step also changes to the formation of 

OOH and results in a theoretical overpotential of 0.77 V. 

 

Figure 4.5. (a) OER steps and (b) Gibbs free energy diagram for the clean InSnO2N (001) 

surface with negatively polarized bulk. (c) OER steps and (d) Gibbs free energy diagram 

for the clean InSnO2N (001) surface with positively polarized bulk. Color code: In = orange, 

Sn = violet, O = red, N = cyan, H = pale pink. 
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Table 4.2. Calculated Gibbs adsorption free energies of the three OER intermediates on 

the (001) surface with negatively/positively polarized bulk. 

 ΔGOH* (eV) ΔGO* (eV) ΔGOOH* (eV) 

Surface with negatively polarized bulk 0.40 2.21 3.64 

Surface with positively polarized bulk 0.19 1.42 3.42 

 

The surface structure changes under OER operating conditions, and we evaluate the 

stable adsorbate coverage via surface Pourbaix diagrams for surfaces with negative and 

positive bulk polarization at pH=0. In Figure 4.6a, we see that, for the surface with 

negatively polarized bulk, at a potential close to zero, the clean surface is the most stable. 

When the potential is in the range between 0.39 and 1.07 V, the surface prefers to be 

covered with 1/3 ML OH. In the range of 1.07 to 1.53 V, a 1 ML OH coverage is 

thermodynamically favored. For higher potentials, the surface prefers to be covered with 

1 ML O. For the positively polarized surface (Figure 4.6b), when the potential is lower  

 

Figure 4.6. Surface Pourbaix diagram of the SnN terminated (001) surface at pH=0 with 

(a) negatively polarized bulk and (b) positively polarized bulk. The dotted lines represent 

the redox potential of the photogenerated holes. 

 

than 0.14 V, the clean surface is the most stable. The 1/3 ML OH covered surface becomes 

the most stable for the potential between 0.14 and 0.72 V. While the most stable surface 
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changes to the 2/3 ML OH covered surface for the potential in the range of 0.72–1.71 V. 

When the potential is higher than 1.71 V, the surface prefers to be covered with 2/3 ML 

O. 

As the working potential of the photocatalyst is determined by the energy difference 

between the VBM and the SHE, we evaluate the position of valence band edge of bulk 

InSnO2N with respect to the SHE as 1.89 eV via an empirical method.171,173,215 The band 

edges of the various surfaces have further been evaluated by aligning the density of states 

(DOS) of bulk InSnO2N and its surfaces at In 1s states. For the surface with negatively 

polarized bulk, the estimated surface VBM is 1.26 eV vs SHE (Figure 4.6a) and the surface 

is covered with 1 ML OH at this potential. For the surface with positively polarized bulk, 

the estimated surface VBM is 1.39 eV vs SHE and, as shown in Figure 4.6b, the surface 

is covered with 2/3 ML OH at this potential. 

When OER happens on the 1 ML OH covered surface with negatively polarized bulk, as 

shown in Figure 4.7a, there are two possible OH positions, one on top of a Sn atom and 

the other on top of an N atom. We find that the OER is more facile when started from the 

OH on top of the Sn atoms. The free energy diagram (Figure 4.7b) reveals that the 

potential determining step is the formation of OOH with a free energy change of 2.12 eV, 

corresponding to a fairly large theoretical overpotential of 0.89 V. 

 

Figure 4.7. (a) OER steps and (b) Gibbs free energy diagram for the 1 ML OH* covered 

InSnO2N (001) surface with negatively polarized bulk. 
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Unlike on the negatively polarized one, the OER on the 2/3 ML OH* covered surface with 

positively polarized bulk has two possible paths. As shown in Figure 4.8a-b, the OER 

starting from an OH, proceeding in a similar fashion to the negatively polarized bulk, 

requires a theoretical overpotential of 0.89 V. On the other hand, as shown in Figure 4.8c-

d, the OER can also start via the deprotonation of one H2O molecule on the top site of the 

Sn atom. Interestingly the OOH fragment is unstable on top of the Sn and will 

spontaneously dissociate into two O fragment adsorbed on top of the Sn, while H binds to 

OH on a neighboring site to form H2O bound to a Sn atom. In this mechanism, the 

potential determining step is the formation of two O fragment which corresponds to a 

change in free energy of 2.27 eV, corresponding to a much higher theoretical overpotential 

of 1.04 V.  

 

Figure 4.8. (a) OER steps and (b) Gibbs free energy diagram for the 2/3 ML OH* covered 

InSnO2N (001) surface with positively polarized bulk considering OH* as starting site. (c)  
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OER steps and (d) Gibbs free energy diagram for the 2/3 ML OH* covered InSnO2N (001) 

surface with positively polarized bulk considering the top of Sn top site as starting site. 

4.3.3  Effect of polarization switching on OER  

Based on the above, neither of the two polarization directions alone are particularly 

promising for OER. However, the different potentials determining steps for surfaces with 

opposite bulk polarization suggest that switching of the polarization direction could be 

used to enhance the OER activity. Such an enhanced pathway on the clean surface is 

shown in Figure 4.9a, where first, one H2O molecule is deprotonated, leading to an OH  

 

Figure 4.9. Gibbs free energy diagrams and OER steps including polarization switching 

for (a) the clean InSnO2N (001) surface and (b) the OH* covered InSnO2N (001) surface. 

The arrows indicate switching of the polarization direction.  
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fragment adsorbed on the surface with negatively polarized bulk. Then the polarization 

is switched and the OH fragment is adsorbed on the surface with positive polarization 

before being deprotonated to O. Afterwards the polarization direction is switched again 

to negative and a deprotonated H2O molecule associates with the O to form an OOH on 

the surface. The OOH is then deprotonated and forms an O2 molecule that leaves from 

the surface in step 4. The potential determining step of this process is the formation of 

OOH with a free energy change of 1.43 eV, corresponding to a theoretical overpotential of 

only 0.20 V. The theoretical overpotential is largely decreased, compared to that of the 

clean surface with negatively (0.58 V) or positively (0.77 V) polarized bulk. 

Under operating condition, the change of the bulk polarization direction could also be 

useful to enhance the OER activity. As shown in Figure 4.9b, in step 1, for the 1ML OH 

covered surface with negatively polarized bulk, the OER happens on one of the OH, which 

is deprotonated to O. The polarization direction can then be changed to positive. In this 

state a sub-ML coverage of OH is preferred and we assume that one OH desorbs from the 

surface and then forms OOH with the O adsorbate. This OOH is then deprotonated and 

desorbs as O2 before the OH coverage is restored after a further polarization switch. This 

OER process is limited by the formation of OOH and the potential needed for all steps to 

be downhill is 1.46 V, which corresponds to a theoretical overpotential of only 0.23 V.  

The above enhancement of the OER activity relies on switching the polarization direction 

twice throughout the catalytic cycle, which is associated with an energetic cost. Based on 

the data in Figure 4.1b, switching amounts to an energetic cost of 5.5 meV/atom or 27.5 

meV per formula unit having one Sn reactive site. During one OER cycle we thus need to 

provide 55 meV for the switching. We note that this analysis considers homogeneous 

switching of the ferroelectric, whereas a domain-mediated mechanism usually leads to a 

smaller energetic cost in non-2D or ultrathin ferroelectrics.216 We also neglect the fact 

that surface adsorbates will slightly affect the switching barrier but expect this effect to 

cancel to a large extent for the two polarization switches, since one barrier will increase, 

while the one of the reverse switch is decreased.217 Despite these approximations, we 

expect the above estimation to yield a good upper-bound estimate of the involved energetic 

costs. One performance metric for a dynamic switched catalyst is the thermodynamic 

efficiency,218 defined in our case as the ratio of the free-energy change of the largest OER 

step and the energetic cost of the ferroelectric switching, i.e. (0.58 eV - 0.20 eV) / 0.055 eV 

= 6.9 for the clean surface and (0.89 eV – 0.23 eV) / 0.055 eV = 12 for the adsorbate covered 
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surface, respectively. These ratios show that the reduction of the OER free energy profile 

by far outweighs the cost for polarization switching. Enhanced turnover frequencies 

compared to the steady state represent another possible switching-frequency dependent 

performance metric for dynamic catalysts,218 which unfortunately are not readily 

available in our thermochemical DFT framework. Nevertheless, we note that ferroelectric 

hexagonal manganite oxides such as ErMnO3, were shown to be switchable in a frequency 

range from 0.1 to 1000 Hz,219 which covers the optimally resonant range for typical 

catalytic reactions such as formic acid oxidation220 and should allow the practical 

implementation of switched InSnO2N ferroelectric photocatalysts. Morever, it is also 

suitable for the large-scale catalyst with numerous active sites although the reaction 

steps of each active site are not synchronized usually. When the overpotential is larger 

than the needed value, the reaction will stop, and the fragments will “pile up”. The 

reaction will restart until the polarization direction is flipped which would enable a self-

syncronization of the active sites. 

4.4   Summary 

In this chapter, we have theoretically investigated the effect of surface ferroelectric 

switching on the OER performance of the improper ferroelectric InSnO2N by means of 

DFT calculations. For the clean surface, the surface with negatively polarized bulk has a 

lower theoretical overpotential of 0.58 V, compared with the surface with positively 

polarized bulk (0.77 V), which is related to the increased surface electrons density. Under 

(photo)-electrochemical operating condition, the surface with negatively polarized bulk 

prefers to be covered with 1 ML OH, while for the positively polarized bulk, the surface 

covered with 2/3 ML OH is most stable. The theoretical overpotential for the OER on the 

surface with negative polarized bulk is 0.89 V which is same as the one with positively 

polarized bulk. When the polarization direction is switched during the OER, a lower 

theoretical overpotential as low as 0.20 V is observed for the clean surface and 0.23 V for 

the surface with OH coverage, which is far below the minimum theoretical overpotential 

for oxides (0.37 V). Moreover the reduction in reaction free energy is larger by a factor 6 

to 12 compared to the estimated energetic cost for polarization switching. This suggests 

that switching the improper ferroelectric polarization direction is a valuable path towards 

optimizing ferroelectric OER catalysts. 
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Other works not included in this thesis. 

In addition to the investigation on OER in oxynitride catalysts, I have also carried out 

other researches on energy conversion during my three-year PhD study. 

1) From above study we have investigated the polarization influence on the OER. Since 

polarization can be applied to reduce the carrier recombination and also affect the 

surface reaction. It is vital to find more new materials with polarization for 

application of solar energy. As co-supervisor, I work with Alexandra C. Ludvigsen 

and Ivano E. Castelli to discover new photoferroic materials using autonomous 

workflow in the framework of DFT simulations. The results have been summarized 

and the related manuscript has been prepared to submit. 

2) Using DFT calculations, the defects in the functional materials have been 

investigated. The intrinsic point defects in Cesium copper halides have been explored 

by calculating their formation energies and charge transition level, and this work has 

been published (Lan, Z., Meng, J, Zheng K, et al. Exploring the Intrinsic Point 

Defects in Cesium Copper Halides. J. Phys. Chem. C 2021, 125, 1592-1598.). 

Cooperating with experiment group, the defects effects on Mn-doped halide 

perovskite quantum dots have been studied, and this work has been published (Meng, 

J.†, Lan, Z.†, Abdellah, M.,et al. Modulating Charge-Carrier Dynamics in Mn-Doped 

All-Inorganic Halide Perovskite Quantum Dots through the Doping-Induced Deep 

Trap States. J. Phys. Chem. Lett. 2020, 11, 3705–3711.). Besides, another research 

cooperated with experiment is to investigate the oxygen vacancy in WO3. This study 

shows that the formation of step reconstruction is due to the oxygen vacancy. This 

work has been published (Meng, J. †, Lan, Z.†, Castelli I E, et al. Atomic-Scale 

Observation of Oxygen Vacancy-Induced Step Reconstruction in WO3. J. Phys. Chem. 

C 2021, 125, 8456-8460.).  
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Chapter 5 

Conclusion and Outlook 

5.1  Conclusion 

In this thesis, basing on DFT calculation, doping, strain and polarization engineering 

have been studied to modulate the OER in oxynitride materials. Our results show that 

that strain and doping can be used to modify the surface properties to improve the 

electrocatalytic properties to the minimum predicted theoretical overpotential. Switching 

the polarization direction during OER process can overcome the foundational limitation 

due to Sabatier principle and further improve the electrocatalytic performance. 

1) The roles of anion ordering, strain and doping modification in OER of BaTaO2N have 

been studied. For the (001) TaON-terminated surface of BaTaO2N, the theoretical 

overpotential is 1.64 V which is much larger than the (100) TaO2N-terminated 

surface due to different anion ordering. Under realistic (photo-)electrochemical 

conditions, 1% tensile uniaxial strain in the [001] direction can lower the theoretical 

overpotential to 0.37 V from 0.43 V for the full oxygen-covered TaO2N-terminated 

surface. While 4% compressive uniaxial strain in the [010] direction can lower the 

theoretical overpotential to 0.59 V from 0.78 V for the full OH-coverage TaON-

terminated surface. For the clean (001) TaON-terminated surface, the theoretical 

overpotential can be reduced from 0.97 to 0.90 V by replacing a sublayer Ba with Sr 

and it is further reduced to 0.88 V when a sublayer Ba was replaced by Ca. Moreover, 

combing with 4% tensile uniaxial strain in the [010] direction, the Ca-doping can 

lower theoretical overpotential to 0.53 V for TaON-terminated (001) clean surface.  

2)  The OER performance of InSnO2N surfaces with negatively/positively polarized 

bulk has been investigated. For the clean surface with a downward (negatively) 

polarized bulk, the theoretical overpotential is 0.58 V is lower than the clean surface 

with an upward (positively) polarized bulk (0.77 V). If the polarization direction is 
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flipped during the OER, for the clean surface, theoretical overpotential can be 

greatly reduced to 0.20 V. Under (photo)-electrochemical operating conditions, for 

the negatively polarized bulk, the surface with a 1 monolayer (ML) OH coverage is 

the most stable while for the positively polarized bulk, the surface is preferred to be 

covered with a 2/3 ML OH. For the OH-covered surfaces with negatively and 

positively polarized bulk, they have same value of overpotentials of 0.89 V. When 

switching the polarization direction during the OER, this value can be lowered to 

0.23 V, which is far below the minimum theoretical overpotential for oxides (0.37 V). 

 

5.2  Outlook 

The findings in this project point to several possible researches that can enrich the 

exploration of (photo-)electrochemical reaction activities.  

1) The study of the OER of BaTaO2N shows that the OER performance varies for 

different facets, and the strain and doping modifications behave differently on 

different surfaces. Hence, it is possible to study OER on a series of perovskite 

oxynitrides surfaces with different anion orderings to find out how the surface 

nitrogen distribution influences the surface reaction activity. Moreover, it will be 

worth to carry out the strain and doping engineering on the surface to enhance the 

OER performance in oxynitride catalysts. 

2) The investigation of the OER performance of InSnO2N surfaces with improper 

ferroelectricity represents that switching of polarization is a highly promising route 

to boost the OER activity. The strain can be applied to change the surface polarization 

of the ferroelectric InSnO2N, and hence modulate the surface reaction. Thus, the 

effect of the strain on the OER performance in the ferroelectric InSnO2N is also a 

meaningful research. What’s more, other kinds of catalytic processes, like CO 

oxidation and NO reduction can also be investigated on the polarized surface and the 

reaction can be optimized by flipping the polarization direction during the catalytic 

process. Another interesting idea is to utilize the polarization of the polar substrate. 

Then the OER on the non-polar surface with polar substrate can be modified by 

switching the polarization direction of the substrate. 
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ABSTRACT: Oxynitride perovskites such as BaTaO2N are among the most promising
materials to achieve efficient direct solar-to-chemical conversion. Albeit photoelectrochemical
water splitting has been demonstrated, the required overpotentials remain prohibitively large
compared with the theoretically accessible values, particularly for the oxygen evolution
reaction (OER). Here, we apply density functional theory (DFT) calculations to investigate
the use of strain and cationic doping with Ca and Sr to optimize the OER theoretical
overpotential. For the TaON-terminated BaTaO2N (001) surface, 4% compressive uniaxial
strain can lower the theoretical overpotential to η = 0.59 V, under operational conditions. For the most stable TaO2N-(100)
termination, 1% tensile uniaxial strain, which is perfectly accessible by experiments, is enough to reduce the theoretical overpotential
from η = 0.43 V to η = 0.37 V under (photo)electrochemical conditions. This value is close to the minimum predicted theoretical
overpotential and points out how strain engineering could be efficiently used to improve the electrocatalytic reactions.

■ INTRODUCTION
Over the last decade, oxynitrides have been investigated for
multiple applications, ranging from ferroelectricity1 to electro-
catalysis2 and photocatalysis.3 In general, by combining oxygen
and nitrogen as anions, oxynitrides show higher stability in air
and moisture compared to pure nitrides, and the perovskite-
structured oxynitrides display smaller band gaps than those of
pure oxides,4 which contribute to their attractive electronic and
optical properties in photocatalysis or photoelectrocatalysis for
water-splitting devices. Among the identified compositions,5

BaTaO2N is one of the promising candidates as photo-
electrocatalysts for water splitting because of its optical band
gap (approximately 1.9 eV, which is close to the minimum
energy needed to split water once the bare energy to split water
and the reaction overpotentials are considered)6 and band-
edge position, which straddle the redox potentials of the
hydrogen evolution reaction and OER.7−10 Although much
effort has been carried out to improve the performance of
BaTaO2N for water splitting, its photocatalytic activity is still
far from practical applications.7,8,11−13 One of the strategies to
improve the catalytic activity is to reduce the overpotentials
required to split water into molecular oxygen and hydrogen.
The lowest theoretical overpotentials for the OER on oxide
and oxynitrides are predicted to be 0.2−0.4 V.14 Therefore, the
surface reactions, especially for OER, is a critical bottleneck,
which currently limits the efficiency of solar-to-chemical
conversion and ultimately the use of oxynitrides as materials
for water splitting.
The properties of perovskite oxynitrides are sensitive to the

surface local structure and oxygen/nitrogen ordering.15−17 The
ordering of the O/N anions in oxynitrides is caused by the four
coordinate ionic radii of O2− (1.38 Å) and N3− (1.46 Å) and
the corresponding chemical bonding environment (valence)

between O/N and neighboring high-valence metals (M/O or
M/N).18,19 Therefore, different exposed surface terminations
also show different O/N anionic orderings, which affects the
physicochemical properties and catalytic activity.20 In addition
to this, doping and strain engineering have been proved to be
effective methods in tailoring the surface electronic structures
and catalytic properties.21−24 Substitution (or partial sub-
stitution) of the A site and/or B site by other elements with
different radii or valences,25 as well as strain manipulations, can
easily alter the geometrical and electronic structure of the
active sites.26 A typical example is efficient electrochemical N2
reduction could be achieved by doping strain-induced bi-Ti3+

pairs.27 More specifically, for perovskite oxynitrides, the
changes in properties due to the applied strain have also
been verified experimentally, starting from computational
predictions, such as the change in the anion arrangement in
Ca1−xSrxTaO2N,

26 the 2D to 3D crossover on a cubic lattice of
correlated disorder of O and N atoms within the
Ba1−xSrxTaO2N series,28 and the creation and switching of
anion vacancy layers in SrVO2.2N0.6.

29 Another example is that
epitaxial strain effects lead to a tetragonal distortion of the
BaTaO2N perovskite unit cell, with negligible volume change,
which shows a unique combination of high dielectric
permittivities and insensitivity to changes in temperature.30

Furthermore, a ferroelectric response in tensile-strained
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SrTaO2N films is observed due to a change of the anion
ordering as a function of the applied strain.31 Regarding the
electronic properties, tuning of the band gap has been achieved
in Y-substituted LaTaO2N from an orthorhombic strain.32

From the perspective of photocatalysis, controlling the
morphological and structural variations of LaTiO2N and
CoOx nanoparticles could influence the strain in the structure
and hence promote the photocatalytic O2 evolution.

33 It has
also been reported that Au−SrTiO3 with tensile strain, where
the strain is induced by the difference of the thermal expansion
coefficient between Au and SrTiO3, shows 10.5 times higher
photocatalytic activity for water splitting than the unstrained
Au−SrTiO3.

34 The significant increase in the rate of H2 and O2
formation has also been reported for strained TiO2, where the
strain is obtained by Au dispersion.35

In this work, we show that doping and strain engineering, in
particular, can be used to improve the catalytic OER
performance of BaTaO2N for water splitting. Using DFT
calculations, we have investigated the role of anion ordering,
strain, and doping modifications in the OER for the (100)
TaO2N-terminated and (001) TaON-terminated surfaces of
BaTaO2N. The theoretical overpotential for OER on the clean
TaO2N surface (η = 1.64 V) is much higher than that of a
clean TaON surface (η = 0.97 V). On the other hand, under
realistic (photo-)electrochemical conditions, the full oxygen-
covered TaO2N surface shows the lowest theoretical over-
potential of 0.37 V when 1% tensile uniaxial strain in the [001]
direction (Figure 1b) is applied, compared to 0.59 V that can

be achieved by the TaON termination with full OH coverage
and 4% compressive uniaxial strain in the [010] direction. A
possible strategy to achieve a lower theoretical overpotential
closer to the theoretical limit is to combine strain with doping.
The Ca-doped TaON-terminated BaTaO2N (001) surface,
with 4% tensile uniaxial strain in the [010] direction, shows a
theoretical overpotential of 0.53 V for the clean surface.

■ METHOD
Computational Methodology. The calculations were

performed by using the projector augmented wave (PAW)36

potentials implemented in the VASP package37 in the
framework of the generalized gradient approximation (GGA).
The Perdew−Burke−Ernzerhof (PBE) revised for solids

(PBEsol) exchange-correlation potential38 was used for
optimizing the bulk structures, while for surface calculations,
we used the PBE exchange-correlation potential.39 The
Brillouin zone of the 40-atom bulk unit cell, which is the
smallest cell allowing the representation of the correct anion
ordering, is sampled with a 6 × 6 × 6 Γ-centered Monkhorst−
Pack k-point mesh, and for the slab, it is sampled with a 6 × 6
× 1 Γ-centered Monkhorst−Pack k-point mesh.40 The slab
model includes eight atomic layers where the bottom four
layers were fixed, and a vacuum thickness of 20 Å was added to
separate the reciprocal images. For the doping modification,
one Ba atom in the sublayer was replaced by Sr or Ca, and the
corresponding doping concentration is 6.25%. Dipole
correction was also included. Grimme’s D3-type method was
carried out for van der Waals interaction corrections.41 A
plane-wave energy cutoff of 550 eV was used. Cell and atomic
positions were fully relaxed until the forces on the atoms were
below 0.02 eV/Å. These structures were then used to build the
surface models, for which only the atomic positions have been
relaxed, keeping the cell frozen. The energy barrier for
formation of N2 on the (100) surface of BaTaO2N was
calculated using the climbing images nudged elastic band (CI-
NEB) method, and the structures were relaxed with force less
than 0.05 eV/Å.42 A more sophisticated semilocal functional
(GLLB-SC)43,44 was used to calculate the band gap of bulk
BaTaO2N as implemented in the GPAW program package.45

All data are stored and freely available at the address: DTU
DATA.46

Surface Energy. In BaTaO2N, each exposed facet has two
possible terminated surfaces. To determine the most stable
surface, which is more likely to form experimentally, we have
calculated the surface energy (γ).47

= [ ‐ + ‐

− ]

E X E E

nE

( )
1
4

(A termination) (B termination)surf
unr

slab
unr

slab
unr

bulk (1)

where X is the specific termination and Eslab
unr (A-termination)

and Eslab
unr (B-termination) are the unrelaxed A- and B-

terminated slab energies. Ebulk is the energy of the BaTaO2N
unit cell with 40 atoms.
The relaxation energy for each termination can be computed

from the corresponding slab alone using48

Δ = [ − ]E X E X E X( )
1
2

( ) ( )surf
rel

slab slab
unr

(2)

where Eslab(X) is the slab energy after relaxation. The relaxed
surface energy is then given by

= + ΔE X E X E X( ) ( ) ( )surf slab
unr

surf
rel

(3)

OER Mechanism. The OER is regarded as a key reaction as
well as bottleneck in the water splitting process. Various
mechanisms have been proposed for the OER, which depends
on many factors from the material to the reaction environ-
ment.49,50 In this study, we adopted a widely used mechanism
for the OER that considers a process in which oxygen
molecules are formed via a surface OOH intermediate, at
standard conditions (T = 298 K, P = 1 bar, pH = 0), using the
computational standard hydrogen electrode (SHE) ap-
proach.50 In this model, it is assumed as a four proton-coupled
electron-transfer (PCET) process

* + → * + ++ −A: H O OH H e2 (4)

Figure 1. (a) Schematic representation of the anion ordering in a
TaO4N2 mixed-anion octahedron. Structure of the (b) bulk
BaTaO2N, (c) (100) surface of BaTaO2N with TaO2N termination
on top and (d) (001) surface of BaTaO2N with TaON termination on
top.
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* → * + ++ −B: OH O H e (5)

* + → * + ++ −C: O H O OOH H e2 (6)

* → * + + ++ −D: OOH O H e2 (7)

where the symbol * represents a surface reaction site, and O*,
OH*, and OOH* are adsorbed oxygen, hydroxyl, and
hydroperoxy groups, respectively.
While the kinetic overpotential cannot be directly

determined from DFT-level calculations, we here introduce
the theoretically thermodynamic overpotential (theoretical
overpotential, η), which is defined as the lowest overpotential
for which all the electrochemical steps are downhill in free
energy. The potential of the water splitting reaction is 1.23 V
per proton−electron pair transfer, and the entire process has
an energy change of 4.92 eV. The step with maximum Gibbs
free energy change (ΔG) of these four steps is the potential
determining step. To estimate the potential determining step,
Gibbs free energy change (ΔG) of each chemical reaction is
calculated as

Δ = Δ + Δ − Δ + Δ + ΔG U T E T S G G( , pH, ) ZPE U pH

(8)

where ΔE is the reaction energy determined from the DFT
total energies and ΔZPE is the difference in zero-point
energies. ΔS is the change in entropy, which was taken from
the standard tables for gas-phase molecules. The values of
ΔZPE and TΔS are reported in Table S2. ΔGU = −eU is the
free energy change due to the bias potential, where U is the
electrode potential relative to the SHE, and ΔGpH = kBTln[H

+]
= −kBT ln10 pH is the correction of the free energy of H+ ions
at pH ≠ 0. Gibbs free energy change (ΔG) of each chemical
reaction is affected by the same value of kBT ln10 pH at pH ≠
0, and the theoretical overpotential, η, is independent of pH.
All values of ΔG were computed at T = 298 K and pH = 0.
Due to the universal scaling relations between the adsorption
energies of OOH and OH (a constant difference of 3.2 eV),
the theoretical minimum overpotential for the OER,
proceeding via these four PCET steps, is 0.37 V = (3.2 eV
− 2 × 1.23 eV)/2e.14

■ RESULTS AND DISCUSSION
The perovskite structure of BaTaO2N exists two possible N/O
orderings in the TaO4N2 octahedral structures: one is “cis-
type” TaO4N2 octahedra corresponding to N−Ta−N bonds
with 90° angles, and the other one is “trans-type” octahedra
with 180° N−Ta−N bonds drawn in Figure 1a.51 Here, we
consider different configurations with various 2D O/N
orderings (see Supporting Information, Figure S1 and Table
S1), and the cis-ordered structure shown in Figure 1b is
thermodynamically most stable among all the structures
considered. The 40-atom bulk supercell is the smallest cell
allowing representation of the correct anion ordering as well as
possible octahedral distortions. The corresponding lattice
parameters are a = b = 8.287 Å and c = 8.095 Å. The band
gap of bulk BaTaO2N is 2.49 eV, which is narrow enough to
absorb visible light. To study photo-oxidation, it is essential to
determine the position of valence-band edge versus SHE at pH
= 0 as the driving force for OER is provided by holes at the
upper edge of the valence band. We calculate that the VBM
position is 2.20 eV versus SHE, which could provide an
additional potential of 0.97 V with respect to the OER

potential. The details of the calculation can be seen in the
Supporting Information.
The two most commonly exposed (100) and (001) facets

have been studied. As reported in Figure 1c,d, each facet has
two terminations: for the (100) facet, TaO2N and BaON-
terminated surface and for the (001) facet, TaON and BaO2-
terminated surface. As indicated by the surface energies in
Table 1, the Ta-exposed surfaces have the lowest energies, for

both the (100) and (001) facets, for which we now investigate
their catalytic properties. For TaO2N-terminated (100)
surfaces, there are 1/3 N atoms within anions and the two
N atoms are in the symmetric sites, while for the TaON-
terminated (001) surface, there are 1/2 N atoms within anions,
and each two N atoms connected to the Ta atom forms N−
Ta−N bonds with 90° angles.

(100) Facet TaO2N-Terminated. As shown in Figure 2a−
d, the OH and OOH fragments prefer to adsorb on top of one

of the Ta atom on the surface. The situation is different for O.
When there is only one O, it adsorbs on the bridge site
between Ta and N, while for full O coverage, half O atoms are
adsorbed on the bridge site and half O atoms are located on
top of the Ta atom. To predict the most relevant surface
coverage under (photo)-electrocatalytic operating conditions,
surface Pourbaix diagrams are computed at pH = 0, as shown
in Figure 2e. The clean surface is stable only at low potential
(below 0.47 V). At operating conditions, where the potential is
higher than 1.23 V, the full O coverage is energetically most
stable.
To investigate the role of the surface, we first study the OER

on the clean surface. The surface configurations are shown in
Figure 3a: the deprotonation of the H2O molecule forms OH
in step 1; then, in step 2, OH is deprotonated to form an
adsorbed oxygen O, when it comes in contact with another
deprotonated H2O molecule forming OOH (step 3); and
finally, in step 4, an O2 molecule forms from the deprotonation
of OOH and eventually leaves the surface. From the free
energy diagrams (Figure 3a), we can see that the rate

Table 1. Calculated Surface Energies of Different Surfaces

facet termination surface energy (eV/Å2)

(100) TaO2N 0.032
BaON 0.056

(001) TaON 0.081
BaO2 0.086

Figure 2. Structure of the (100) surface of TaO2N-terminated
BaTaO2N with (a) 1/4 OH, (b) 1/4 O, (c) 1/4 OOH, and (d) 1 O
adsorbates. The purple ball and white ball represent the adsorbate O
and H atoms, respectively. (e) Surface Pourbaix diagram of the
TaO2N-terminated (100) surface at pH = 0.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c00370
Chem. Mater. 2021, 33, 3297−3303

3299

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00370/suppl_file/cm1c00370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00370/suppl_file/cm1c00370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00370/suppl_file/cm1c00370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00370?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00370?rel=cite-as&ref=PDF&jav=VoR


determining step (RDS) is the formation of OOH with a free-
energy difference of 2.87 eV, which results in a theoretical
overpotential of 1.64 V.
For the full O coverage, half of the O-atoms are adsorbed on

the bridge sites and half O on top of Ta; therefore, there are
three kinds of possible reaction sites resulting in three possible
OER paths. First, the reaction could continue from an O on
the bridge site. While we find that OOH cannot be formed
from the bridge O, which is similar to the surface reaction on
Sr2TaO3N.

52 Then, we consider the reaction occurring from
the O atom on top of the Ta atom (Ta1), which shows a
theoretical overpotential of η = 0.74 V in Figure 3b.
Surprisingly, when the reaction happens on the Ta atom
without O on the top sites (Ta2), the theoretical overpotential
is only 0.43 V (Figure 3c). For all OER processes, the RDS are
the formation of OOH. To understand the reasons for the
much lower theoretical overpotential of the latter mechanism,
we calculate the Bader charges and the charge transfer q from
the Ta. These values (Table 2) indicates that the Ta with

adsorbed O on the bridge site is more oxidized, which weakens
the Ta and O double bond, that breaks more easily on
formation of the Ta−OOH intermediate (RDS) leading to a
lower theoretical overpotential (0.43 V).
Strain can be used to control the structure of the surface,

with its electronic and catalytic properties. Therefore, to tune
and improve the OER activity, we apply compressive and

tensile uniaxial strain in both [010] and [001] directions,
where the negative value means the compressive strain and the
positive represents the tensile strain. As indicated by the
volcano plot in Figure 4a, under uniaxial strain in the [010]
direction, the theoretical overpotential increases. This can be
seen for both compressive and tensile strain, however, the
effect is more pronounced for tensile strain. This can be
explained as a combination of a change in the electronic
properties of the surface, in particular, the hybridization of the
O 2p and Ta d orbitals and a structural modification of the
geometry of the surface and adsorbate under different strain
conditions.53 The response to the uniaxial strain in the [001]
direction is, however, different. The change of the ΔGO* −
ΔGOH* in Figure 4a is linear with the strain. Under 4%
compressive strain, the theoretical overpotential increases from
0.43 to 0.77 V, while under tensile strain, the theoretical
overpotential first decreases, reaching the top of the volcano
and afterward increases, on the other branch of the volcano.
The lowest theoretical overpotential is reached at 1% tensile
strain, and it is equal to 0.37 V. On the left leg of the volcano,
the RDS is the formation of OOH (Figures 4a,b and S2a−c),
while on the right branch, we find that the formation of O is
the RDS (Figures 4d and S2d). At 1% tensile strain, which is
found at the top of the volcano, the RDS is shared between the
formation of OOH and O (Figure 4c). Hence, the uniaxial
strain in the [001] direction can be used to modulate the RDS
and tune the OER theoretical overpotential, by changing the
adsorption energies of OOH and O on the surface.
It should be noted that the oxidation of the N3− ions

forming N2 has been put forward for oxynitrides54 and
perovskite oxynitrides55 by photogenerated holes during the
photocatalytic reaction, which have been supported by an
obvious decrease in nitrogen content indicated by XPS.
Therefore, we perform NEB calculations to investigate the
migration of the surface N atoms to form N2. As shown in

Figure 3. OER steps and Gibbs free energy diagrams for the TaO2N-terminated (100) (a) clean surface and for the surface covered with full O (b)
Ta1 site and (c) Ta2 site.

Table 2. Bader Charge Analysis of Ta in the TaO2N-
Terminated (100) Surface Layer of BaTaO2N with Full O
Coveragea

average Bader charge charge transfer q (e)

Ta1 8.44 +2.51
Ta2 8.49 +2.56

aA positive value q indicates that the electrons are removed from Ta.
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Figure S3, the energy barrier is 1.05 eV, and the process is
therefore kinetically hindered compared to OER.
(001) Facet TaON-Terminated. Compared to perovskite

oxides where all anions are oxygen, the N/O ordering differs
from facet to facet. As shown in Figure 1c,d, the TaON-
terminated (001) surface shows an obviously different N/O
order compared to the TaO2N-terminated (100) surface. On
the TaON-terminated (001) surface, the two N atoms
connected to the Ta atom forms N−Ta−N bonds with 90°
angles. The difference of the N distribution on the surface then
will influence the adsorption of the fragments. The photo-
catalytic properties of the different facets can thus change
significantly. As shown in Figure S4a, for the clean (001)
surface, the RDS is the formation of OOH resulting in a
theoretical overpotential of 0.97 V, which is lower than the
theoretical overpotential of the corresponding (100) surface
(1.64 V). This is caused by a change in the adsorption of O.
On the (001) surface, the O would like to be adsorbed on top
of Ta, while on the (100) surface, the O prefers on the bridge
site with a strong bond with N, which is hard to break to form
OOH.
As shown in Figure 5, under 4% tensile uniaxial strain, the

theoretical overpotential decreases from 0.97 to 0.69 V for the
clean surface, while when 4% compressive uniaxial strain is
applied, the theoretical overpotential changes from 0.78 to 0.59
V for the full OH covered surface (most stable under operating
conditions shown in Figure S4b). Doping can be a valuable
alternative to strain to modulate the theoretical overpotentials.
Since for the clean (001) TaON surface, tensile uniaxial strain
could reduce the theoretical overpotential to only 0.69 V, we
attempt to further decrease the theoretical overpotential, by
combining the substitution of Ba with isovalent elements with
smaller radii and strain. We thus replace a sublayer Ba with Ca
and Sr. It should be noted that doping alone only has a small
effect on the OER activities. Sr-doping slightly reduces the

theoretical overpotential from 0.97 to 0.90 V, and Ca-doping
further reduces it to 0.88 V. Moreover, combining with 4%
tensile uniaxial strain, the smallest theoretical overpotential is
reached for the Ca-doping on the clean surface (0.53 V), which
results from ΔGO* − ΔGOH* increasing with doping and strain.
All structures with the full OH coverage surface are already on
the right branch of the volcano, and 4% compressive strain is
not enough to reach the top of the volcano. In general, this
facet requires larger strain compared to the (100) facet, which
might be hard to achieve experimentally.

■ CONCLUSIONS
In this work, we have investigated the effect that doping and
strain engineering have on the OER for different terminations
of the perovskite oxynitride BaTaO2N. For the (100) facet
TaO2N-terminated surface, under (photo)electrochemical
conditions, we have discovered that 1% tensile uniaxial strain
in the [001] direction can lower the theoretical overpotential
to 0.37 V from 0.43 V calculated for the structure without any
applied strain. The (001) facet shows larger theoretical

Figure 4. (a) Volcano plot of the free-energy difference of (ΔGO* − ΔGOH*) and the OER theoretical overpotential (η) for TaO2N-terminated
(100) full O-covered surfaces. Gibbs free energy diagrams for the full O-covered TaO2N-terminated (100) surface with (b) 4% compressive
uniaxial strain in the [010] direction, (c) 1% tensile uniaxial strain in the [001] direction, and (d) 2% tensile uniaxial strain in the [001] direction.

Figure 5. Volcano plot of the free-energy difference of (ΔGO* −
ΔGOH*) and the OER theoretical overpotential (η) for both TaON-
terminated (001) clean and full OH-covered surfaces. The uniaxial
strain is in the [010] direction.
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overpotentials compared to the (100). As an attempt to reduce
them, we apply stain, reaching a theoretical overpotential of
0.59 V, under operational conditions, which, however, is still
larger than what we can achieve for the (100) facet. The reason
for the difference between the (100) and (001) facets is related
to the different anion orderings on the surface. By applying a
small strain of 1%, which can be easily reached in experiments,
this work provides guidelines to experimentalists on how we
can tune surface chemistry and optimize the OER catalytic
properties of the material only by controlling anion ordering,
strain, and doping.
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Band edges analysis 

We used an empirical method based on the electronegativity of the constituent elements, χelement, 

and the band gap to estimate the valance band edge1. The band edges are calculated as 

𝐸𝑉𝐵,𝐶𝐵 =  𝐸0 + (𝜒𝐵𝑎𝜒𝑇𝑎𝜒𝑂
2𝜒𝑁)1 5⁄ ± 𝐸𝑔𝑎𝑝/2          (1) 

Where 𝐸0 is the difference between the vacuum level and the SHE. Egap is the band gap of 

bulk BaTaO2N (2.49 eV). The electrongenativity χelement is calculated in Mulliken scale2. We 

calculate that the VBM positions is 2.20 eV vs SHE, which could provide an additional 

potential of 0.97 V with respect to the OER potential. 
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Figure S1. Structure of BaTaO2N with different anion orders. (a-c) cis - N-Ta-N chains form a 

2D network with 90°angles, (d-f) ⊥trans - 180°N-Ta-N chains rectangular to each other. (g-f) 

∥-trans -180°N-Ta-N chains parallel to each other. The alignment of the anion order in/along 

3 different directions/planes, so there should be 24 structures. Here we only show the cis - N-

Ta-N chains in a and b direction, 180°N-Ta-N chains point to a and/or b direction. 
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Figure S2. Gibbs free energy diagrams for the full O covered TaO2N-terminated (100) surface 

with (b) 4% compressive uniaxial strain in the [001] direction, (c) 2% compressive uniaxial 

strain in the [001] direction, 4% tensile uniaxial strain in the [010] direction, and (d) 4% tensile 

uniaxial strain in the [001] direction. 
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Figure S3. Energy barrier of surface nitrogen to for N2 on the surface. 
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Figure S4. (a) Gibbs free energy diagrams for the TaON-terminated (001) clean surface. (b) 

Surface Pourbaix diagram of the TaON-terminated (001) surface at pH=0.  
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Table S1. The calculation energies for BaTaO2N configurations with various 2D O/N orderings. 

(Corresponding to the structures in Figure S1) 

 

Configuration Energy (eV) Energy compare to the most 

stable phase (eV) 

1-cis-ab -367.302 0.092 

1-cis-ac -367.302 0.092 

1-cis-bc -367.302 0.092 

2-cis-ab -367.315 0.079 

2-cis-ac -367.309 0.085 

2-cis-bc -367.309 0.085 

3-cis-ab -367.394 0 

3-cis-ac -367.394 0 

3-cis-bc -367.394 0 

1-⊥ trans-ab -365.162 2.232 

1-⊥ trans-ac -365.145 2.249 

1-⊥ trans-bc -365.146 2.248 

2-⊥ trans-ab -364.959 2.435 

2-⊥ trans-ac -364.959 2.435 

2-⊥ trans-bc -364.959 2.435 

3-⊥ trans-ab -364.959 2.435 

3-⊥ trans-ac -364.959 2.435 

3-⊥ trans-bc -364.959 2.435 

1-∥ trans-a -365.563 1.831 

1-∥ trans-b -365.563 1.831 

1-∥ trans-c -364.990 2.404 

2-∥ trans-ab -365.689 1.705 

2-∥ trans-ac -365.611 1.783 

2-∥ trans-bc -365.611 1.783 
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Table S2. Zero-Point Energy Corrections and Entropic Contributions to Free Energies.3 

 

 ZPE (eV) TS (T=298 K) 

H2 0.269 0.410 

H2O 0.593 0.670 

O2 0.100 0.640 

OH* 0.350 0 

O* 0.090 0 

OOH* 0.470 0 
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Abstract 

Ferroelectric modulation of the surface charge density is a promising strategy to promote the 

surface oxygen evolution reaction (OER) in photocatalytic water splitting. The limitations of 

the Sabatier principle could be overcome by tuning the interaction strength between the OER 

intermediates and the surface for the individual reaction steps via switching of the polarization 

direction. InSnO2N, a newly reported improper ferroelectric semiconductor, is promising for 

applications as a photocatalyst due to its direct band gap of 1.61 eV and its sizable ferroelectric 

polarization. Therefore, in this work, we use Density Functional Theory (DFT) to investigate 

the OER performance on its (001) surface as a function of the bulk polarization direction. We 

find that the clean surface of the downward (negatively) polarized bulk structure (“polarized 

bulk” henceforth) has a lower theoretical overpotential of  = 0.58 V vs the standard hydrogen 

electrode (SHE) compared to the clean surface with an upward (positively) polarized bulk 

structure (0.77 V). Under (photo)-electrochemical operating conditions, a monolayer (ML) OH 
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covered surface is the most stable for the negatively polarized bulk and shows a theoretical 

overpotential of 0.89 V, whereas for the positively polarized bulk structure, a surface covered 

with 2/3 ML OH is the most stable, also showing an overpotential of 0.89 V. Notably, when 

switching the polarization direction during the reaction, the overpotential becomes as small as 

0.20 V for the clean surface and 0.23 V for the surface with OH coverage, which is far below 

the usual minimum theoretical overpotential for oxides ( = 0.37 V). We show that the 

reduction in reaction free energy by ferroelectric switching can be performed in a relevant 

frequency range and outweighs the energetic cost for polarization switching by a factor 6 to 12. 

Our study demonstrates that switching of improper ferroelectricity is a highly promising route 

to boost the OER activity of oxynitride photocatalytic water splitting electrodes. 

 

Introduction 

Photoferroic materials that combine ferroelectric and light-harvesting properties, are promising 

for optoelectronic applications, like photovoltaics1,2 or photo(electro)chemical water-splitting 

(PEC).3 The spontaneous polarization of ferroelectrics can be reversed by application of an 

external electric field, with potential benefits for photoelectrocatalytic water splitting.4–7 Due 

to the strong internal electric field induced by the spontaneous electric polarization, the 

photogenerated electrons and holes migrate in opposite directions, which enhances charge-

carrier separation and promotes photocatalytic properties.8,9 To date, more than 700 

ferroelectric materials have been discovered,10 the majority of those studied for 

photoelectrocatalytic applications are complex oxides, such as perovskite oxides, BiFeO3,
11 

PbTiO3
12,13 and BaTiO3.

14,15 However, their band gaps are in the ultraviolet (UV) range, they 

are therefore unable to absorb visible light. Although ferroelectricity could suppress the 
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recombination of photo-induced carriers, the large band gap of these oxides will inhibit 

practical photocatalytic applications. To solve this, the methods like substitution of one or more 

oxygen by nitrogen which leads to the so-called oxynitrides has been proposed.16,17 Compared 

to oxygen, the lower electronegativity of nitrogen results in reduced band gaps and higher 

valence band edges that better match the water redox levels.18–20 Recently, a tin oxynitride-

based semiconductor, InSnO2N, was suggested as a new and promising photocatalyst. It has a 

direct band gap of approx. 1.61 eV, resulting in excellent light absorption.21 InSnO2N (Figure 

1a) is isostructural to the multiferroic hexagonal manganites, h-RMnO3 (R=Y, In, Sc, Ho-Lu). 

These materials are improper ferroelectrics, in which the corner-sharing Mn-O trigonal 

bipyramids are separated by layers of R ions and the tilting of the corner-sharing Mn-O trigonal 

bipyramids leads to the “up-down-down” R-cation displacement along c axis (or [001]) that 

causes polarization as a secondary effect and promotes separation of photoexcited carriers.22,23  

In addition to light absorption and carrier separation, the performance of InSnO2N in a 

photoelectrochemical device, will depend on its surface redox reaction properties,24 which are 

currently unknown. The major obstacle among the water-splitting redox reactions, is the low 

efficiency of the oxygen evolution reaction (OER).25–27 The OER is a multistep reaction 

involving several intermediates and every step is vital for the overall conversion efficiency.28,29 

The interaction between catalyst surface and intermediate, strong or weak, will directly affect 

the reaction activity. According to the Sabatier principle, if the interaction is too weak, the 

adsorbate (i.e. the reagent) will be unable to bind to the catalyst, while if the interaction is too 

strong, the reaction product will fail to desorb.30,31 Consequently, an optimal binding strength 

corresponds to the maximum OER efficiency and a minimum theoretical overpotential. DFT 
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calculations have demonstrated that the four-step OER mechanism is fundamentally limited to 

a minimum theoretical overpotential of 0.3-0.4 V, due to the scaling relation between the 

binding strength of the OH and OOH intermediates.32,33 The adsorption strength between the 

catalyst and intermediate largely depends on the surface electronic states. In a ferroelectric 

material, the surface states and their occupation could be altered by switching the polarization 

direction.34–37 For a given surface, switching of the polarization direction can be used to 

optimize the adsorption strength for intermediates along the OER pathways, overcoming the 

limit imposed by the Sabatier principle. 

In this work, we have used DFT calculations to investigate the OER performance of InSnO2N 

surfaces with negatively/positively polarized bulk. We find that the clean surface with a 

downward (negatively) polarized bulk has a lower theoretical overpotential of 0.58 V vs SHE 

than the clean surface with an upward (positively) polarized bulk (0.77 V). Under (photo)-

electrochemical operating conditions, for the negatively polarized bulk, a 1 monolayer (ML) 

OH covered surface is the most stable while for the positively polarized bulk, a 2/3 ML OH 

coverage is preferred. The overpotentials for the OER on the OH covered surfaces with 

negatively and positively polarized bulk are both 0.89 V. When the polarization direction is 

switched during the OER, a much lower theoretical overpotential of 0.20 V is achieved for the 

clean surface and 0.23 V for the surface with OH coverage. These values are far below the 

minimum theoretical overpotential for oxides (0.37 V),33 demonstrating that improper 

ferroelectric switching of suitable-band gap photoelectrodes is an exciting route to boost the 

OER activity, the enhancement in reaction free energies outweighing the energetic cost for 

polarization switching by a factor 6-12.  
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Method 

Computational Methodology 

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP).38–40 

Exchange and correlation effects were described using the Perdew−Burke−Ernzerhof (PBE) 

functional, in the framework of the generalized gradient approximation (GGA).41 We used 

projector augmented wave (PAW)42 potentials to represent the frozen core electrons and nuclei 

of each atom, and In (5s, 5d, 5p), Sn (5s, 4d, 5p), O (2s, 2p), and N(3s, 3p) were described as 

valence electrons, with a plane wave cutoff energy of 520 eV. We used a 6 × 6 × 3 Γ-centered 

Monkhorst Pack k-point mesh43 for the bulk unit cell (30 atoms) and a 6 × 6 × 1 mesh for slab 

models (66 atoms). For the calculations of the partial density of states (PDOS), we used a Γ-

centered k-point mesh with 12 × 12 × 6 for the bulk unit cell and 12 × 12 × 1 for the slab. The 

slab model is composed of 9 atomic layers where the bottom 4 layers are kept fixed during 

relaxation, a 20 Å vacuum was added to avoid artificial interaction between periodic images 

and a dipole correction was included.44 Grimme’s D3-correction was used to account for van 

der Waals interactions.45 The spontaneous polarization was calculated according to the Born 

effective charge method,46 where the Born effective charges are derived within Density 

Functional Perturbation Theory (DFPT).47 All atoms were fully relaxed during the structural 

optimization until the force on each atom was less than 0.02 eV/Å. The band gap was 

determined using the HSE0648 hybrid functional with a plane wave cutoff of 350 eV and a 6 × 

6 × 3 Γ-centered k-point mesh. We studied the OER at standard conditions (T = 298.15 K, P = 

1 bar, pH = 0), within the computational standard hydrogen electrode (SHE) framework, by 
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considering a widely used mechanism that consists of four proton-coupled electron-transfer 

(PCET) steps (see OER mechanism, Supporting Information).33,49 The Pourbaix diagram gives 

information regarding the stability against dissolved phases, ions and chemical reactions with 

water.50 The detailed calculation method is explained in ref 50. All data are stored and freely 

available in the DTU Data Repository.51 

 

Results and discussion 

The InSnO2N structure studied in this work is hexagonal and belongs to the polar space group 

P63cm, as shown in Figure 1a. The optimized lattice constants are a=b=6.16 Å, c=12.24 Å. The 

distortion of the Sn-O-N trigonal bipyramids leads to an “up-down-down” corrugation of the 

In cations along c axis (or [001]) with a polarization of 12.04 μC/cm2, analogous to the 

improper ferroelectricity in the hexagonal manganites.22,52 During ferroelectric switching, the 

structure goes through a centrosymmetric phase (P3̅c1) shown in Figure S1. Therefore, the 

energy difference between the non-polar P3̅c1 and the polar P63cm structures (Figure 1c) is 

calculated to evaluate the energy barrier for polarization switching. We find an energy 

difference of 5.50 meV/atom, which is close to the switching energy barrier calculated for 

YMnO3 (5 meV/atom),53,54 but much smaller than that for BaTiO3 (28 meV/atom),55 indicating 

that the polarization in InSnO2N can be switched using electric fields. The stability of InSnO2N 

in the solution has also been analyzed in the Pourbaix diagram in Figure 1b. The yellow zone 

represents that InSnO2N is stable under a broad range of potential and pHs, corresponding to 

the working OER conditions. InSnO2N can be stable even at the highly acidic/alkaline 

condition. To evaluate the light absorption properties, we calculate the band structure of bulk 

InSnO2N using HSE06: the polar phase InSnO2N is a direct semiconductor with band gap of 
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1.61 eV where both the valence band maximum (VBM) and the conduction band minimum 

(CBM) are located at the Γ point (Figure 1c). The suitable band gap and direct transition are 

desirable to absorb a large fraction of solar light. As for the non-polar phase, the band gap is 

1.45 eV (Figure S2) which is slightly smaller than the polar one. 

 

Figure 1. (a) Structure of bulk InSnO2N with P63cm space group. The arrow represents the 

polarization direction. (b) Theoretical Pourbaix diagram for InSnO2N. The diagrams are drawn 

for a concentration of 10-6 M at 25 ℃. (c) Energy barrier of InSnO2N during through the 

centrosymmetric P3̅c1 phase. (d) HSE06 band structure of bulk InSnO2N with P63cm (polar) 
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space group. 

 

Changes in polarization direction perpendicular to the surface could be used to modulate the 

surface properties.37 As the polarization in InSnO2N lies along the [001] direction, we study 

the OER on the (001) surface. The (001) facet has two terminations, SnN and InO2. To 

determine which termination is more stable, we calculate surface energies56,57 of 1.45 J/m2 and 

1.68 J/m2, for the SnN and InO2 terminations respectively and consequently investigate the 

OER on the more stable SnN termination. After surface relaxation, the In corrugations remain 

“up-down-down” for the slab with negatively polarized bulk (Figure 2a) and “down-up-up” for 

the slab with positively polarized bulk (Figure 2d). It should be noted that the polarization in 

each layer is highly dependent on the paraelectric reference state used to calculate the 

polarization. When the unrelaxed centrosymmetric phase is used as reference, all relaxed layers 

have a negative polarization for the nominally negatively polarized slab (Figure S3b). On the 

other hand, for the positively polarized slab, due to the surface relaxation, there is an effective 

reversal of the polarization in the first three layers, as shown in Figure S3e, despite the fact that 

the In corrugation does not change. When the relaxed centrosymmetric phase is used as 

reference, only the first subsurface layer in the negatively polarized slab has a small positive 

polarization (Figure S3c) and only the surface layer in the positively polarized slab has a small 

negative polarization (Figure S3f). Since the In corrugation is retained, we believe that 

relaxations of the interlayer spacing and interlayer rumpling are responsible for the subtle local 

changes in the sign of the polarization. We investigate the electronic structure for the two slabs 

with oppositely polarized bulk. From the layer-resolved partial density of states (Figure 2), 
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there is a positive shift of the Fermi level for the surface with positively polarized bulk 

compared to the surface with negative polarization direction, which implies electrons transfer 

to the surface. This is also confirmed by the Bader analysis (see Table S2), which shows that 

the charge on positively polarized surface is 0.16 electrons higher than the charge on the 

negatively polarized surface. 

 

Figure 2. Structures and layer-resolved partial density of states (PDOS) of the InSnO2N (001) 

surface with (a) negatively polarized bulk and (b) positively polarized bulk. The arrow 

represents the polarization direction. Ln (1, 2, 3…9) corresponds to the atomic layer of the left 

structure. The bottom four-layer atoms marked by the dashed rectangle are fixed during the 

optimization. 

 

To study the effect of the polarization on the OER activity, we first calculate free energy 

differences for the reaction steps on the clean (without adsorbates) (001) surface with 

oppositely polarized bulk. From the free energy profile of the OER in Figure 3, we find that 

for the surface with a negatively polarized bulk, the potential determining step is the formation 
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of O, resulting in a theoretical overpotential of 0.58 V. For the surface with a positive bulk 

polarization, the binding energies of the adsorbates are more negative as shown in Table 1, 

since the adsorption strength between the adsorbates and surface is related to the surface 

electronic properties and there is the higher electron density on the surface with positively 

polarized bulk. The potential determining step also changes to the formation of OOH and 

results in a theoretical overpotential of 0.77 V. 

  

Figure 3. (a) OER steps and (b) Gibbs free energy diagram for the clean InSnO2N (001) surface 

with negatively polarized bulk. (c) OER steps and (d) Gibbs free energy diagram for the clean 

InSnO2N (001) surface with positively polarized bulk. Color code: In=orange, Sn= violet, O= 

red, N= cyan, H=pale pink. 
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Table 1. Calculated Gibbs adsorption free energies of the three OER intermediates on the (001) 

surface with negatively/positively polarized bulk. 

 ΔGOH* (eV) ΔGO* (eV) ΔGOOH* (eV) 

Surface with negatively polarized bulk 0.40 2.21 3.64 

Surface with positively polarized bulk 0.19 1.42 3.42 

 

The surface structure changes under OER operating conditions, and we evaluate the stable 

adsorbate coverage via surface Pourbaix diagrams for surfaces with negative and positive bulk 

polarization at pH=0. In Figure 4a, we see that, for the surface with negatively polarized bulk, 

at a potential close to zero, the clean surface is the most stable. When the potential is in the 

range between 0.39 and 1.07 V, the surface prefers to be covered with 1/3 ML OH. In the range 

of 1.07 to 1.53 V, a 1 ML OH coverage is thermodynamically favored. For higher potentials, 

the surface prefers to be covered with 1 ML O. For the positively polarized surface (Figure 4b), 

when the potential is lower than 0.14 V, the clean surface is the most stable. The 1/3 ML OH 

covered surface becomes the most stable for the potential between 0.14 and 0.72 V. While the 

most stable surface changes to the 2/3 ML OH covered surface for the potential in the range of 

0.72-1.71 V. When the potential is higher than 1.71 V, the surface prefers to be covered with 

2/3 ML O. 

As the working potential of the photocatalyst is determined by the energy difference between 

the VBM and the SHE, we evaluate the position of valence band edge of bulk InSnO2N with 

respect to the SHE as 1.89 eV via an empirical method.58–60 The band edges of the various 

surfaces have further been evaluated by aligning the DOS of bulk InSnO2N and its surfaces at 

In 1s states. For the surface with negatively polarized bulk, the estimated surface VBM is 1.26 

eV vs SHE and the surface is covered with 1 ML OH at this potential. For the surface with 
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positively polarized bulk, the estimated surface VBM is 1.39 eV vs SHE and, as shown in 

Figure 4b, the surface is covered with 2/3 ML OH at this potential. From our calculation results, 

we find that when an electric field of 0.05 V/Å is applied, the VBM position of the estimated 

surface vs the water redox levels doesn’t change.  

 

Figure 4. Surface Pourbaix diagrams of the SnN terminated (001) surface at pH=0 with (a) 

negatively polarized bulk and (b) positively polarized bulk. The dashed lines represent the 

redox potential of the photogenerated holes. 

 

When OER happens on the 1 ML OH covered surface with negatively polarized bulk, as shown 

in Figure 5a, there are two possible OH positions, one on top of a Sn atom and the other on top 

of an N atom. We find that the OER is more facile when started from the OH on top of the Sn 

atoms. The free energy diagram (Figure 5b) reveals that the potential determining step is the 

formation of OOH with a free energy change of 2.12 eV, corresponding to a fairly large 

theoretical overpotential of 0.89 V. 
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Figure 5. (a) OER steps and (b) Gibbs free energy diagram for the 1 ML OH* covered InSnO2N 

(001) surface with negatively polarized bulk. 

 

Unlike on the negatively polarized one, the OER on the 2/3 ML OH* covered surface with 

positively polarized bulk has two possible paths. As shown in Figure 6a-b, the OER starting 

from an OH, proceeding in a similar fashion to the negatively polarized bulk, requires a 

theoretical overpotential of 0.89 V. On the other hand, as shown in Figure 6c-d, the OER can 

also start via the deprotonation of one H2O molecule on the top site of the Sn atom. Interestingly 

the OOH fragment is unstable on top of the Sn and will spontaneously dissociate into two O 

fragment adsorbed on top of the Sn, while H binds to OH on a neighboring site to form H2O 

bound to a Sn atom. In this mechanism, the potential determining step is the formation of two 

O fragment which corresponds to a change in free energy of 2.27 eV, corresponding to a much 

higher theoretical overpotential of 1.04 V.  
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Figure 6. (a) OER steps and (b) Gibbs free energy diagram for the 2/3 ML OH* covered 

InSnO2N (001) surface with positively polarized bulk considering OH* as starting site. (c) OER 

steps and (d) Gibbs free energy diagram for the 2/3 ML OH* covered InSnO2N (001) surface 

with positively polarized bulk considering the top of Sn top site as starting site. 

 

Based on the above, neither of the two polarization directions alone are particularly promising 

for OER. However, the different potentials determining steps for surfaces with opposite bulk 

polarization suggest that switching of the polarization direction could be used to enhance the 

OER activity. Such an enhanced pathway on the clean surface is shown in Figure 7a, where 

first, one H2O molecule is deprotonated, leading to an OH fragment adsorbed on the surface 

with negatively polarized bulk. Then the polarization is switched and the OH fragment is 

adsorbed on the surface with positive polarization before being deprotonated to O. Afterwards 
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the polarization direction is switched again to negative and a deprotonated H2O molecule 

associates with the O to form an OOH on the surface. The OOH is then deprotonated and forms 

an O2 molecule that leaves from the surface in step 4. The potential determining step of this 

process is the formation of OOH with a free energy change of 1.43 eV, corresponding to a 

theoretical overpotential of only 0.20 V. The theoretical overpotential is largely decreased, 

compared to that of the clean surface with negatively (0.58 V) or positively (0.77 V) polarized 

bulk. 

Under operating condition, the change of the bulk polarization direction could also be useful 

to enhance the OER activity. As shown in Figure 7b, in step 1, for the 1ML OH covered surface 

with negatively polarized bulk, the OER happens on one of the OH, which is deprotonated to 

O. The polarization direction can then be changed to positive. In this state a sub-ML coverage 

of OH is preferred and we assume that one OH desorbs from the surface and then forms OOH 

with the O adsorbate. This OOH is then deprotonated and desorbs as O2 before the OH coverage 

is restored after a further polarization switch. This OER process is limited by the formation of 

OOH and the potential needed for all steps to be downhill is 1.46 V, which corresponds to a 

theoretical overpotential of only 0.23 V.  
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Figure 7. Gibbs free energy diagrams and OER steps including polarization switching for (a) 

the clean InSnO2N (001) surface and (b) the OH* covered InSnO2N (001) surface. The arrows 

indicate switching of the polarization direction.  

 

The above enhancement of the OER activity relies on switching the polarization direction twice 

throughout the catalytic cycle, which is associated with an energetic cost. Based on the data in 

Figure 1b, switching amounts to an energetic cost of 5.5 meV/atom or 27.5 meV per formula 

unit having one Sn reactive site. During one OER cycle we thus need to provide 55 meV for 

the switching. We note that this analysis considers homogeneous switching of the ferroelectric, 

whereas a domain-mediated mechanism usually leads to a smaller energetic cost in non-2D or 
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ultrathin ferroelectrics.61 We also neglect the fact that surface adsorbates will slightly affect the 

switching barrier but expect this effect to cancel to a large extent for the two polarization 

switches, since one barrier will increase, while the one of the reverse switch is decreased.62 

Despite these approximations, we expect the above estimation to yield a good upper-bound 

estimate of the involved energetic costs. One performance metric for a dynamic switched 

catalyst is the thermodynamic efficiency,63 defined in our case as the ratio of the free-energy 

change of the largest OER step and the energetic cost of the ferroelectric switching, i.e. (0.58 

eV - 0.20 eV) / 0.055 eV = 6.9 for the clean surface and (0.89 eV – 0.23 eV) / 0.055 eV = 12 

for the adsorbate covered surface, respectively. These ratios show that the reduction of the OER 

free energy profile by far outweighs the cost for polarization switching. Enhanced turnover 

frequencies compared to the steady state represent another possible switching-frequency 

dependent performance metric for dynamic catalysts,63 which unfortunately are not readily 

available in our thermochemical DFT framework. Nevertheless, we note that ferroelectric 

hexagonal manganite oxides such as ErMnO3, were shown to be switchable in a frequency 

range from 0.1 to 1000 Hz,64 which covers the optimally resonant range for typical catalytic 

reactions such as formic acid oxidation65 and should allow the practical implementation of 

switched InSnO2N ferroelectric photocatalysts. Moreover, it is also suitable for the large-scale 

catalyst with numerous active sites, even though the reaction steps of each active site are not 

usually synchronized. However, when the overpotential is larger than the needed value, the 

reaction will stop, and the fragments will “pile up”. The reaction will restart when the 

polarization direction is flipped, which would enable a self-synchronization of the active sites. 
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Conclusion 

In this work, we have theoretically investigated the effect of surface ferroelectric switching on 

the OER performance of the improper ferroelectric InSnO2N by means of DFT calculations. 

For the clean surface, the surface with negatively polarized bulk has a lower theoretical 

overpotential of 0.58 V, compared with the surface with positively polarized bulk (0.77 V), 

which is related to the increased surface electrons density. Under (photo)-electrochemical 

operating condition, the surface with negatively polarized bulk prefers to be covered with 1 

ML OH, while for the positively polarized bulk, the surface covered with 2/3 ML OH is most 

stable. The theoretical overpotential for the OER on the surface with negative polarized bulk 

is 0.89 V which is same as the one with positively polarized bulk. When the polarization 

direction is switched during the OER, a lower theoretical overpotential as low as 0.20 V is 

observed for the clean surface and 0.23 V for the surface with OH coverage, which is far below 

the minimum theoretical overpotential for oxides (0.37 V). Moreover the reduction in reaction 

free energy is larger by a factor 6 to 12 compared to the estimated energetic cost for polarization 

switching. This suggests that switching the improper ferroelectric polarization direction is a 

valuable path towards optimizing ferroelectric OER catalysts. 

 

Supporting information 

Method details for OER mechanism; structures for bulk InSnO2N; structures and layer-by-layer 

out of plane spontaneous polarization of the InSnO2N (001) surface; zero-point-energy 

corrections; net charge of the atoms on the surface and entropic contributions to free energies. 
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OER mechanism 

We studied the OER at standard conditions (T = 298 K, P = 1 bar, pH = 0), within the 

computational standard hydrogen electrode framework, by considering a widely used 

mechanism that consists of four proton-coupled electron-transfer (PCET) steps:1,2 

* + H2O → OH* + H+ + e−, (1) 

 OH* → O* + H+ + e−, (2) 

 O* + H2O → OOH* + H+ + e−, (3) 

 OOH* → * + O2 + H+ + e−, (4) 

where the symbol * represents a surface reaction site and O*, OH* and OOH* are adsorbed 

oxygen, hydroxyl and hydroperoxy intermediates, respectively. It is assumed that the entire 

OER requires an energy of 4.92 eV (i.e. 1.23 eV for each of the four steps at equilibrium 

conditions). 

We calculated the change in reaction free energy (ΔG) of each OER step as: 

ΔG(U, pH, T) = ΔE + ΔZPE - TΔS + ΔGU + ΔGpH   (5) 

where, ΔE is the reaction energy calculated from the DFT total energies and ΔZPE is the 

difference in zero-point energies. ΔS is the change in entropy, where for gas phase molecules 

values from standard tables are used 3, while the entropy of adsorbed species is assumed to be 

zero. The values of ΔZPE and TΔS are reported in Table S1 (Supporting Information). The 

effect of a bias potential on all steps involving electron transfer is accounted for by modifying 

the free energy difference by ΔGU = -eU, where U is the electrode potential vs SHE. The free 

energy of H+ ions is corrected by the concentration dependence of the free energy, ΔGpH = kB 

T ln[H+] = -kB T ln10 pH at pH≠0. 
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Since the kinetic overpotential cannot be directly determined from DFT calculations, we 

determine the theoretically thermodynamic overpotential (theoretical overpotential, η), which 

is defined as the lowest potential for which all OER steps are downhill in free energy.1 

 η= 
ΔG𝑚𝑎𝑥

𝑒
− 1.23 𝑉  (6) 

The largest of the four OER steps is hence the potential determining step. Since the Gibbs free 

energy change (ΔG) of each reaction step is equivalently affected by kB T ln10 pH at pH≠0, the 

theoretical overpotential, η, is independent of pH.  

The stability of the surfaces with O*/OH* coverage relative to the clean surface at pH=0 were 

calculated according to the following equations:4 

ΔG=ΔE4O* − Eclean + 4𝐸𝐻2
− 4𝐸𝐻2𝑂 + (ΔZPE − TΔS) − 8eU  (7) 

and 

ΔG=ΔE4OH* − Eclean + 2𝐸𝐻2
− 4𝐸𝐻2𝑂 + (ΔZPE − TΔS) − 4eU (8) 
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Figure S1. Structure of bulk InSnO2N with space group (a) of P63cm and (b) 

P3̅c1(centrosymmetric phase). 
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Figure S2. HSE06 band structure of bulk InSnO2N with P3̅c1 (non-polar) space group. 
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Figure S3. (a) Structure of the InSnO2N (001) surface with negatively polarized bulk. Layer-

by-layer out of plane spontaneous polarization of the InSnO2N (001) surface with negatively 

polarized bulk using (b) the unrelaxed (c) the relaxed centrosymmetric phase as reference state. 

(d) Structure of the InSnO2N (001) surface with positively polarized bulk. Layer-by-layer out 

of plane spontaneous polarization of the InSnO2N (001) surface with positively polarized bulk 

using (e) the unrelaxed (f) the relaxed centrosymmetric phase as reference state. The blue 

arrows represent the polarization direction. 
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Table S1. Zero-point energy corrections and entropic contributions to free energies.2 

 

 ZPE (eV) TS (T=298 K) 

H2 0.27 0.41 

H2O 0.58 0.67 

OO*+H2O* 0.76 0 

OH* 0.35 0 

O* 0.07 0 

OOH* 0.45 0 

 

 

Table S2. Net charge of the atoms on the surface according to Bader charge analysis. Positive 

value indicates that the electron is removed from the atom. 

 N1 (e) N2 (e) N3 (e) Sn1 (e) Sn2 (e) Sn3 (e) 

Negative -1.43 -1.40 -1.40 1.87 1.87 1.87 

Positive -1.40 -1.40 -1.42 1.82 1.82 1.82 
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