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Abstract
Photoelectrochemical water splitting is an attractive technique for sustainable hydro-
gen production, but its efficiency is heavily dependent on the properties of the semicon-
ducting photoelectrodes used in the process. These properties are intimately connected
to the presence of point defects in the materials, and understanding this relationship
is a key step towards the development of better photoabsorbers. The effects of sin-
gle impurities are challenging to probe using experimental techniques, but the use of
computer modelling makes it possible to study modifications on the level of individual
atoms. This thesis investigates native point defects in bismuth vanadate using hybrid
density functional theory. The fundamentals of water splitting and the properties of the
material are reviewed. Additionally, the theoretical foundations of the applied compu-
tational methods are described. The calculations performed within the thesis highlight
the structural complexity of native point defects in bismuth vanadate and the impor-
tant role that charge localization plays in its defect chemistry. In addition, it is found
that oxygen vacancies induce significant lattice distortions at realistic concentrations.
Simulated powder X-ray diffraction patterns reveal that this makes phase identification
difficult.

Keywords: electronic structure theory, density functional theory, solar water splitting,
bismuth vanadate, defect modelling, semiconductors, solar energy
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1
Introduction

With the climate crisis fast approaching, in large parts owing to emissions stemming
from the transport andmanufacturing sectors, the use of fossil fuels must be phased out
promptly. Societal energy needs are not decreasing, however, so alternatives must be
found to take their place. The ”hydrogen economy” has been lauded as a partial replace-
ment to the current hydrocarbon-based energy economy, which is an attractive option
on paper; hydrogen has a relatively high energy density, and its use in a fuel cell pro-
duces nothing but water. As hydrogen can be produced by splitting water, sustainable
production of the fuel is in principle possible. However, the associated chemical reac-
tion is highly endothermic, and the viability of the approach thus requires the ability
to provide this energy in a sustainable fashion.

As shown by Fujishima and Honda in 1972, [1] the reaction can be driven using
sunlight as an energy source, as long as an appropriate semiconducting photocatalyst
is used. Although the device they constructed was inefficient, their demonstration
sparked a significant research interest in photoelectrochemical water splitting. Despite
steady progress since then, the practical efficiency of the process is still limited and re-
mains well below what is theoretically achievable. As a result, widespread commercial
adaption is yet to come. Some materials have nevertheless been identified as good can-
didates, and have thus received the bulk of the attention from the scientific community.

This thesis focuses on one such candidate: bismuth vanadate, a complex metal oxide
semiconductor. Its potential as a water-splitting photocatalyst was first highlighted by
Kudo et al. in 1998 [2] and it remains one of the best contenders to this very day. [3]The
efficiencies of bismuth vanadate-based water splitting devices have so far been unde-
sirably low, as the material exhibits relatively low charge conductivity and a bandgap
slightly larger than what would be ideal. An atomistic understanding of the underlying
connection between materials structure and properties is key to solving these issues,
but unravelling this relationship is far from trivial.
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Chapter 1. Introduction

Most materials are imperfect, which further complicates matters: atoms might be
missing in places, or there may be impurities present. These are called point defects and
are, as the name implies, often undesirable due to a detrimental effect on the properties
of the material. This is not always the case, however, as they are key to the usefulness
of many semiconductors. In such cases, careful control of their nature and abundance
is necessary to achieve the desired behaviour.

Bismuth vanadate is no exception to this. Two studies on defects in the material
make up the foundations of this thesis, which aims to provide insight into the role that
native defects play in defining the structure and properties of the semiconductor by
means of first-principles modelling.

1.1 Thesis outline
Chapter 2 gives a brief overview of the mechanics of water splitting through electro-
chemical and photoelectrochemical means. The chapter ends with a few examples of
materials that have been identified as promising photocatalysts to drive the reaction.
Chapter 3 focuses on bismuth vanadate. Its properties and limitations are introduced,
as well as several routes to improve them that have been explored in the literature.
The fundamentals of the first-principles methods used in the papers are reviewed in
Chapter 4, which is wrapped up with a brief explanation of some techniques applied
to reduce the computational complexity of the calculations. This thesis involved mod-
elling of defects, which require special care if they are charged; a method for dealing
with this is outlined in Chapter 5. Finally, a summary of the papers that are included in
the thesis is given in Chapter 6 and a brief outlook for the future is given in Chapter 7.
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2
Water splitting

As society gradually transitions from reliance on fossil fuels, the need for clean and
sustainable alternatives is growing. Hydrogen is a good candidate, as it can be produced
from water through the reaction

2H2O −−→ 2H2 + O2. (2.1)

The reverse reaction occurs when hydrogen is used as a fuel, producing water. This
water splitting reaction is highly endothermic, however, with a Gibbs free energy dif-
ference of ∼4.92 eV between reactants and products at standard conditions. [4] The
energy required is even higher in practice due to process inefficiencies. As a result,
extensive efforts have been made to minimize any losses in the reaction.

In this chapter, a brief introduction is given to the concept of electrochemical water
splitting. Photoelectrochemical water splitting is then discussed, along with the mate-
rial requirements to make it practical. Finally, a fewmaterials that have shown promise
as electrode materials for water splitting are presented.

2.1 Electrochemical water splitting
In electrochemical water splitting, or electrolysis of water, the requisite energy to drive
the reaction in Eq. (2.1) is provided by applying an external voltage between two elec-
trodes immersed in an aqueous electrolyte. The reaction is then effectively split into
two redox half-reactions: the hydrogen evolution reaction (HER) on the cathode,

2H+ + 2 e− −−⇀↽−− H2, E° = 0 V, (2.2)

and the oxygen evolution reaction (OER), or water oxidation reaction, on the anode,

2H2O −−⇀↽−− 4H+ + 4 e− + O2, E° = 1.23 V. (2.3)

3



Chapter 2. Water splitting

Here,E° is the standard electrode potential referred to the standard hydrogen electrode
(SHE) for the relevant redox couple, i.e., H+/H2 and H2O/O2. [5]

1 2 3

4 5
Figure 2.1: Surface-mediated OER reaction path in acidic conditions.

The overall bottleneck in water splitting is typically considered to be the OER, [5,
p. 370] as its kinetics are limited by the need of transferring four holes across the
semiconductor–electrolyte interface. The conventional OER pathway under acidic con-
ditions is shown in Fig. 2.1. [5, 6] The overall free energy difference of the OER is 4.92
eV, which should ideally be split evenly amongst the reaction steps as shown by the
red line on the left side of Fig. 2.2. Reversibility will then be achieved by applying a
bias voltage of 1.23 V, bringing all of the intermediates into equilibrium. This is not
sufficient to make the overall reaction favorable in practice, however. The right side
of Fig. 2.2 shows a more realistic example, where one reaction step is associated with
a significantly higher energy than the others; a barrier thus remains at the reversible
potential of 1.23 V. Instead, a bias of 2.55 V is required to bring all intermediates into
equilibrium. The difference between the reversible and practical bias requirements is
called an overpotential, and should be minimized to maximize the efficiency of the
reaction. The diagrams in Fig. 2.2 only take the free energy differences between the
surface–adsorbate complexes into account, but factors such as kinetic barriers for the
reactions and inefficient charge transfer to the electrolyte also contribute. Choosing an
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2.2. Photoelectrochemical water splitting
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Figure 2.2: Schematic free energy diagram for the OER pathway of Fig. 2.1 for the reaction on
(left) an ideal surface and (right) a pristine Pt(111) surface. The latter is based on calculations
by Rossmeisl et al. [7] The application of a bias reduces the free energy for each intermediate
step by the number of transferred electrons times the voltage.

appropriate catalyst material to support the intermediate reactions is key to efficient
water splitting.

2.2 Photoelectrochemical water splitting
The need for an external voltage source limits the usefulness of electrolysis-based wa-
ter splitting schemes; electricity generation incurs additional losses, which reduces the
overall efficiency of the process. Furthermore, the environmental benefits of hydrogen
as a fuel are greatly diminished when the impact of power production is taken into ac-
count. These issues can be circumvented by utilizing solar energy to drive the reaction,
either through combined photovoltaic–electrolysis systems [8] or through photoelec-
trochemical (PEC) water splitting schemes.
The principles underlying PEC water splitting are essentially the same as those for

electrolysis of water, the key difference being how the energy to drive the reaction is
provided. Rather than relying on an external voltage source, the PEC approach relies
on photoexcitation in a semiconductor. To make this possible, the band edges of the
material must straddle the redox potentials for the two water splitting half-reactions;
in other words, its conduction band minimum (CBM) must be more negative than
E°(H+/H2) and its valence band maximum (VBM) more positive than E°(H2O/O2),
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Chapter 2. Water splitting

V vs.
SHE

VBM

CBM

Semiconductor Electrolyte

Figure 2.3: Schematic illustration of band alignment for PEC water splitting.

as illustrated in Fig. 2.3. Absorption of incident light causes electrons at the VBM to
be excited to the CBM, leaving holes behind in the process. These charges can then
participate in the HER and OER upon transfer to the electrolyte. While a bandgap of
at least 1.23 eV is required to achieve the reversible situation depicted in Fig. 2.2, this
is inadequate to drive the overall reaction in practice due to overpotential losses; the
practical minimum is ∼1.6–2.0 eV. [5, 9]

Finding a semiconductor that simultaneously exhibits appropriate band edge align-
ment and a sufficiently large bandgap to drive the overall water splitting reaction is
challenging. This can be made somewhat easier considering each half-reaction individ-
ually, which additionally allows for the optimization of materials for the HER and OER
separately. This also makes the construction of composite devices possible, making
higher solar-to-hydrogen efficiencies achievable. [10] While the practical realization of
unassisted solar water splitting still eludes the scientific community, it remains an ac-
tive field of research and several promising candidate materials for both half-reactions
have been discovered. [9, 11, 12]

Cu2O exhibits a bandgap of∼2 eV and a CBM∼0.7 eVmore negative than the H+/H2
redox potential, [13, 14] allowing the semiconductor to absorb a large portion of the
visible light spectrum and drive the HER unassisted. Unfortunately, the material is
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2.2. Photoelectrochemical water splitting

susceptible to photodecomposition under working conditions as the redox potentials
for reduction to Cu and oxidation to CuO lie within the bandgap. [13, 14] This limits
the potential of the semiconductor for practical applications as a water-splitting photo-
cathode, but its stability can be significantly enhanced by the deposition of protective
overlayers. [15, 16]

TiO2 was the first photoanode material used for the OER, [1] and remains the sub-
ject of intense research on its applications as a water splitting photoelectrode for both
half-reactions. [17–19] Its usefulness as the main photoabsorber is limited as it exhibits
a bandgap of ∼3 eV, severely restricting its ability to absorb light in the visible regime.
Strategies to overcome this limitation have been developed; for instance, incorporation
of nitrogen significantly narrows the bandgap to enable visible-light absorption, [20, 21]
although the resultingmaterial exhibits very lowwater splitting PEC activity. Addition-
ally, cobalt-based nanoclusters act as visible-light photosensitizers when deposited on
the surface of rutile TiO2 and additionally act as catalysts for the OER. [22, 23] Such
modifications are key in making the material viable for water splitting devices.

For the OER, one of the best candidate materials is bismuth vanadate, BiVO4. It ex-
hibits good absorption of visible light owing to its bandgap of ∼2.4 eV and favorable
VBM position. [24, 25] Just as for Cu2O and TiO2, the material’s viability as a water split-
ting photoelectrode is limited without significant modification; as BiVO4 is the subject
of both Paper I and Paper II, a deeper discussion of its properties and limiting factors
is presented in Chapter 3 rather than here.
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3
Bismuth vanadate

Bismuth vanadate, BiVO4, is a promising photoelectrode for the water splitting reaction.
It has been synthesized in several forms, but only the monoclinic scheelite (ms) phase,
of spacegroup I2/b, and the tetragonal scheelite (ts) phase, of spacegroup I41/a, are of
relevance to this thesis. [24, 26] Their crystal structures, illustrated in Fig. 3.1, consist
of layers of VO4 tetrahedra connected through BiO8 polyhedra. The ms form can be
described as a distortion of the ts form, as the former exhibits two distinct V–O bond
lengths; these distortions are too subtle to be visible in Fig. 3.1, so only one structure
is shown. Despite the structural similarity of the two phases, the ms form exhibits
significantly higher PEC activity for the OER. [24, 27] As such, the rest of this chapter
concerns ms BiVO4 unless otherwise noted.

3.1 Properties, problems and solutions
BiVO4 is considered to be an n-type semiconductor and exhibits an indirect bandgap of
2.4–2.5 eV, enabling absorption of a large part of the visible light spectrum. Its CBM
lies just short of the 2H+ + 2 e– −−⇀↽−− H2 redox potential, in principle making it pos-
sible to drive the HER with a moderate external bias, while its VBM lies well below
the 2H2O −−⇀↽−− 4H+ + 4 e– + O2 redox potential, providing enough overpotential to
drive the OER. [24, 28] For this reason, research has primarily concerned the material’s
utilization as a photoanode for the water oxidation half-reaction. The PEC efficiency
of BiVO4-based devices is lower than desired, however, as it is limited by high charge
recombination, slow reaction kinetics and poor charge conductivity. [24, 25, 29] Fortu-
nately, several ways of mitigating these issues have been explored in the literature.

The poor OER kinetics on BiVO4 have been attributed to slow hole transport across
the photoanode–electrolyte interface, [24] which increases charge recombination. To

9



Chapter 3. Bismuth vanadate

Figure 3.1: The crystal structure of scheelite BiVO4. Bismuth atoms are shown in pink, vana-
dium in grey, and oxygen in red.

remedy this, OER catalysts can be deposited onto the surface to improve the reaction
kinetics and hole transfer properties. For instance, cobalt phosphate has successfully
been used for this purpose, significantly improving the PEC efficiency upon its addi-
tion. [30–32]

Photocharging is another PEC efficiency-improving technique that works through
deposition of material onto the surface of BiVO4. Under working conditions, OER pho-
toanodes are immersed in electrolyte to regulate pH. Anions from this solution may
adsorb to the surface upon illumination, forming an overlayer. With phosphate- and
borate-based pH buffers this results in the formation of a heterojunction with BiVO4,
enhancing charge separation and suppressing charge recombination. [33–35] This ef-
fect is reversible, with the overlayer eventually dissolving in the dark.

Combining BiVO4 with other materials in composite devices can also serve to cir-
cumvent the aforementioned shortcomings. For instance, BiVO4/WO3 composites have
shown a significantly increased PEC efficiency compared to the individual materials.
Of the two semiconductors, BiVO4 more readily absorbs visible light, while the WO3–
electrolyte interface exhibits better charge transfer characteristics. [36–38] The device
is thus able to make use of the advantages of both materials, while also improving
charge separation thanks to the formation of a heterojunction. There is no strict need
for both components to be semiconducting, however, as carbon nanotubes and graphene

10



3.2. Point defects in BiVO4

(a) Vacancy. (b) Substitutional atom. (c) Interstitial atom.

Figure 3.2: Illustrations of a) bismuth vacancy, b) substitutional, and c) interstitial defects in
BiVO4. The substitutional atom is shown in cyan, the interstitial in yellow, vanadium in grey,
bismuth in pink, and oxygen in red.

have successfully been coupled to BiVO4 in a similar fashion. [39, 40] Bismuth vanadate
is then used as a medium for photoexcitation of charges, while the carbon-based mate-
rial improves the charge conductivity of the photoanode.

3.2 Point defects in BiVO4

Both intentional and unintentional modification of the material itself through changes
in its atomic composition can also have a profound effect on its properties. This occurs
through the formation of point defects, which may be divided into three classes as illus-
trated in Fig. 3.2: vacancies, where an atom is removed from the lattice, substitutional
defects, where an atom is replaced with another type, and interstitials, where an atom
is placed at an unoccupied site in an otherwise pristine host material. The figure shows
the defects without lattice relaxations for the sake of clarity. In practice, the presence
of the defect induces distortions in the surrounding lattice.

Doping, a common method for tailoring the properties of semiconductors, involves
the intentional introduction of impurities to a material in the form of substitutional
or interstitial defects. For instance, incorporation of tungsten and molybdeneum im-

11



Chapter 3. Bismuth vanadate

proves charge separation, [41–43] while lithium enhances electron conductivity in the
bulk of the material. [44] The overall effect of such impurities on the PEC efficiency
of photoanodes is not always obvious nor beneficial, however; [24] tungsten has also
been reported to decrease charge carrier mobility through the introduction of charge
trap states. [45] The term ”doping” is typically reserved for cases where the inclusion
has an overall beneficial effect. Both Kim et al. and Irani et al. studied nitrogen incor-
poration into BiVO4 and found that this reduces the bandgap of the material. [46, 47]
Only the former found that the overall effect on the PEC efficiency for the OER was
beneficial, however, and the latter study does not refer to nitrogen as a dopant.

Native defects, i.e., those involving only the constituent atoms of the host, can also
play a significant role in defining the properties of a material. The n-type conductivity
of BiVO4 has been attributed to the formation of oxygen vacancies, and research has
had a particular focus on this type of defect. [48] Their abundance has been reported
both to have a beneficial [49–51] and a detrimental [52–54] effect on the PEC activity of
the material. This contradiction may have its explanation in differing behaviour of the
defect in the bulk and at the surface, with the latter more likely to positively influence
the OER. [55–57] Additionally, it has been suggested that the creation and subsequent
annihilation of oxygen vacancies could play a direct part in the OER both on BiVO4
and other transition metal oxides; [58–60] theoretical predictions by Nikačević et al.
indicate that this alternative reaction path is unfavorable on BiVO4, however. [61]
Cation vacancies have also been deemed important to the PEC efficiency of BiVO4

photoanodes, but they have been studied less extensively. Lu et al. found that bismuth
vacancies enhance the charge transfer properties of the material, thus benefiting the
OER, [62] and theoretical predictions suggest that they are the dominant acceptor de-
fects in the material. [63–65] Vanadium vacancies, on the other hand, have been found
to be detrimental [53, 66] and to be a sign of photocorrosion through V5+ loss to the
electrolyte. [67]

BiVO4 exhibits strong localization of excess charges; rather than occupying delocal-
ized states in the conduction and valence bands, electrons and holes tend to localize into
small polarons centered on a lattice site, inducing structural distortions in their vicin-
ity. This is illustrated for the pristine material in Fig. 3.3. As a consequence, charge
conduction in the material is primarily realized through polaron hopping rather than
band-mediated drift currents, which plays a part in the low carrier conductivity in the
material. [68–70] Theoretical predictions by Wiktor et al. suggest that their presence
at the BiVO4–water interface affects band alignment and hampers the water splitting
reaction, [71] though their precise role in the OER is yet to be established. The ten-
dency to form polarons drastically affects the nature of point defects as well; they tend
to act as electron acceptors or donors, and are able to interact with excess charges in
the lattice. [72] A proper analysis of their effects must thus take this phenomenon into
account.

No matter their effect, positive or negative, on the OER PEC performance of BiVO4,

12



3.2. Point defects in BiVO4

(a) Hole polaron. (b) Electron polaron.

Figure 3.3: Polarons in BiVO4. Isosurfaces illustrate localization of an excess a) hole and b)
electron.

controlling the abundance of point defects is of clear importance. This can be achieved
by careful adjustment of conditions during synthesis and post-synthesis treatment. For
example, annealing in N2 or H2 has been reported to result in the incorporation of nitro-
gen and hydrogen defects, respectively. [46, 73]. Similarly, annealing in O2 suppresses
the formation of oxygen vacancies, [55] while annealing in an oxygen-free inert gas
encourages their formation. [74] Subjecting samples to high heat both during and af-
ter synthesis may additionally lead to vanadium loss, i.e., vacancy formation, unless
additional vanadium is supplied during the procedure. [53, 66] The choice of synthe-
sis precursor is also highly important; for instance, the use of vanadyl acetylacetone,
V(acac)2, as a vanadium source reportedly results in oxygen-deficient samples. [75, 76]

Point defects in BiVO4 remain an active area of research, but isolating their effects
can be difficult experimentally; in practice, several factors may simultaneously influ-
ence the performance of the material. For instance, the electrolyte may interact with
the surface, as mentioned earlier, and maintaining perfect stoichiometry is challeng-
ing. The use of theoretical methods makes this the study of single defects possible,
however. For example, electronic structure calculations have been used to support the
notion that near-surface oxygen vacancies have a positive influence on the OER PEC
performance of BiVO4 by reducing the requisite overpotentials required to drive the re-
action. [61] In Paper I, we simulate the effects of oxygen vacancies in ts BiVO4 and find
that they induce structural distortions that make phase identification difficult. [77] The
theoretical foundations for the first-principles methods used in this thesis are outlined
in Chapter 4.

A common theoretical approach is to calculate the formation energies of point defects
to assess their stability and effects on conductivity under different synthesis conditions;
the methodology is described in Chapter 5. Yin et al. and Zhang et al. performed such

13



Chapter 3. Bismuth vanadate

an analysis for the native defects of BiVO4 and found that the ms phase should exhibit
p-type conductivity under a wide range of conditions, in stark contrast to the available
experimental literature. [63, 64] This is likely due to the fact that their methodology
fails properly describe charge localization. In Paper II, we take this phenomenon into
account in a similar study, finding that p-type conductivity is difficult to achieve. [65]

14



4
Electronic structure theory

This chapter gives a very brief outline of the electronic structure methods used in this
thesis. The formalism as it is presented closely follows that of Guistino’sMaterials Mod-
elling using Density Functional Theory, [78] supplemented with Jensen’s Introduction to
Computational Chemistry, [79] as well as Koch’s and Holthausen’s A Chemist’s Guide
to Density Functional Theory. [80] As such, detailed references are omitted, although
citations of the original work underlying the theory are included where appropriate.
Some sections, such as that on the necessity of hybrid functionals, go beyond what
is discussed in the books mentioned above. In such cases, additional references are
included.

4.1 The Schrödinger Equation and
Born-Oppenheimer approximation

The central quantity in quantum mechanics is the time-independent Schrödinger equa-
tion,

HΨ = EtotΨ, (4.1)

with Hamiltonian operator H, wavefunction Ψ and energy eigenvalue Etot. The wave-
function Ψ is the total wavefunction for a collection of atoms, or an atomic system,
describing both the nuclei and their electrons simultaneously. The Hamiltonian can be
divided into several constituent parts,

H = Tn + Te + Vne + Vee + Vnn (4.2)

where the first two terms describe the kinetic energy of the nuclei and electrons, and the
last three terms describe the pair-wise Coulombic nucleus-electron, electron-electron,
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Chapter 4. Electronic structure theory

and nucleus-nucleus interactions. Vne is often called the external potential and instead
labelled Vext, which then includes the effects of external electric and magnetic fields
if present. The Schrödinger equation encodes all information about an atomic system,
and any property can in principle be deduced from its solution. The problem is thus
highly interesting to chemists and materials scientists. Unfortunately, solving it for
anything beyond very simple molecules is extremely challenging.

To make the problem slightly more tractable, the Born-Oppenheimer approximation
is invoked. [81] An electron is more than three orders of magnitude lighter than even
the lightest nucleus, so a reasonable approximation is to consider the nuclei to be in-
finitely heavy. Tn is neglected and the electrons can be considered to be moving in a
field of fixed nuclei. This allows for the splitting of electronic and nucleic degrees of
freedom in Eq. (4.1), resulting in an electronic Hamiltonian,

He = Te + Ve + Vee, (4.3)

as well as a corresponding Schrödinger equation,

HeΨe = EeΨe, (4.4)

with wavefunctions Ψe and energy eigenvalues Ee. Within the Born-Oppenheimer ap-
proximation, nuclei are considered to be moving on the potential energy surface (PES)
generated by the solution of Eq. (4.4), giving access to their dynamics. This in prin-
ciple allows for the structural optimization of atomic structures by displacing nuclei
along the gradient of the PES, but the solution of Eq. (4.4), unfortunately, remains chal-
lenging despite the simplification made here. Many approximations to the electronic
Schrödinger equations have been developed, several of which are routinely used in
computational chemistry and materials science.

4.2 Density functional theory
One of the most widespread methods for solving the electronic Schrödinger equation
is based on density functional theory (DFT), primarily due to the balance it strikes be-
tween accuracy and computational cost. This is accomplished through the Hohenberg-
Kohn (HK) theorems, which show that the ground-state energy of any atomic system is
a functional of the ground-state density. [82] In short, the first theorem states that the
external potential Vext, essentially Vne of Eq. (4.3), is a unique functional of the electron
density. The second states that the ground-state density n0(r)minimizes the energy of
the system, which in turn is a functional of the density. The second theorem is often
formulated as a variational principle, i.e.,

∂E[n(r)]
∂n(r)

∣∣∣∣
n0

= 0. (4.5)
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4.2. Density functional theory

Two things are important to note here. First, the theorems are valid only for the ground-
state energy and density. Second, the theorems are by themselves not sufficient to
calculate the ground-state density, as the energy functional is unknown. It is possible
to formulate approximations of it, however, and early attempts to do so include the
Thomas-Fermi approach to DFT, which predates the HK theorems by several decades.
Formulations of DFT that attempt to construct a fully density-based approach to solving
the problem are called orbital-free, but none have offered sufficient accuracy to reach
widespread use.

Instead, modern implementations are based on the Kohn-Sham (KS) formulation of
DFT. [83]The key obstacle is the presence of many-body interactions, which KS theory
abstracts away by considering an auxiliary system of non-interacting single-electron
states described by wavefunctions, or orbitals, ψi(r) which relate to the electronic den-
sity n(r) through

n(r) =
N∑
i=1

|ψi(r)|2. (4.6)

By requiring these orbitals to be orthonormal and invoking the HK variational principle
one ends up with the Schrödinger-like KS equations,

(Ts + Vext(r) + VH(r) + Vxc(r))ψi(r) = εiψi(r), (4.7)

where Ts is the kinetic energy of the KS single-particle states, VH the Hartree potential
which describes the Coulomb interaction between electrons within a mean-field ap-
proximation, Vext the external potential arising from the nuclei,¹ and Vxc the exchange-
correlation (XC) potential. The corresponding total energy functional is then

Etot[n] = Ekin[n] + EH[n] + Eext[n] + Exc[n]. (4.8)

The problematic many-body effects, i.e., electronic exchange and correlation, are bun-
dled into the XC term. The theoretical foundations of KS DFT are exact, but the XC
potential has no known analytic form. Approximations must be made to solve the
equations in practice.

4.2.1 Exchange-correlation functionals
While the exact form of the XC potential Vxc, or equivalently the XC energy functional
Exc, is unknown, many of its properties and asymptotic behaviours are known. These
can be used to find workable approximations. Their accuracy and predictive power
depend on the system under study and the properties of interest, but many have nev-
ertheless turned out to be useful. For spin-polarized systems, the approximations are
functionals of both spin densities; this detail is omitted here.

¹Vext also includes external magnetic or electric fields, if they are present.
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Chapter 4. Electronic structure theory

Local Density Approximation
The simplest XC functional assumes that the electron density behaves as in the homo-
geneous electron gas, for which the exchange and correlation energies are known to a
very high degree of precision. This assumption defines the local density approximation
(LDA) and yields a functional depending only on the density at a point, [84]

ELDA
xc [n(r)] =

∫
dr n(r) εhomxc (n(r)) , (4.9)

where εhomxc is the XC energy per particle of a homogeneous electron gas. While the
behaviour of electrons in real materials differs from this description, the LDA is reason-
able for systems where the density varies slowly. The functional generally exaggerates
bond strengths in molecular systems, resulting in overestimated atomization energies
and underestimated bond lengths.

Generalized Gradient Approximation
Improving upon the LDA involves considering an inhomogeneous electron gas. In the
generalized gradient approximation (GGA), this is done by incorporating the density’s
gradient, ∇n(r), in addition to the density itself: [84]

EGGA
xc [n(r)] =

∫
dr f [n(r),∇n(r)] . (4.10)

Many parametrizations have been developed, with varying popularity and usefulness.
The fully non-empirical Perdew-Burke-Ernzerhof (PBE) functional [85] is one of the
more popular choices, [86] especially within the solid state community. [87]

Hybrid Density Functionals
While GGA functionals improve upon the LDA in many aspects, they still severely un-
derestimate bandgaps and tend to overstabilize delocalized charge states. [88–90] Un-
like the exact XC description, semilocal² GGA functionals exhibit self-interaction, i.e.,
the spurious interaction of each electron with its own charge density. Correcting this
self-interaction error (SIE) allows for better bandgap predictions and a proper descrip-
tion of charge localization in e.g. polarons. [91, 92] One way to accomplish this is to
employ a hybrid functional, where a semilocal description of exchange and correlation
is combined with the fully non-local Hartree-Fock (HF) exchange energy, which coun-
teracts self-interaction. Its inclusion thus reduces the magnitude of SIE in the resulting
XC description. The exact manner in which these functionals are constructed varies,
however, and the optimal fraction of HF exchange is dependent both on the system

²XC functionals of the density and its derivatives.
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Figure 4.1: A schematic illustration of energy as a function of electron number for fractional
charges. The behaviour of the exact XC functional is shown in black, typical GGA behaviour in
red, and HF theory in blue.

under study and the properties of interest. [93, 94] One of the more popular variants
of hybrid functionals is PBE0, which is simply the PBE functional with a fraction of its
exchange description replaced with that of HF theory. [94, 95]

The issues with GGA functionals can also be understood through another quanti-
tative difference in how these approximations behave in comparison to the exact XC
energy, which is known to be piecewise linear, i.e., exhibiting a straight-line behaviour
for fractional charges. [89, 96, 97] GGA functionals instead tend to exhibit convex be-
haviour, while the HF is concave as illustrated in Fig. 4.1. A properly designed hy-
brid functional can approximately recover piecewise linearity, and thereby alleviate
the aforementioned problems with semilocal functionals. [98]

4.3 Hartree-Fock method
Unlike DFT, the HF method does not consider an auxiliary system of non-interacting
electrons. Instead, the total N -electron wavefunction Ψ({r}) is expressed as a Slater
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determinant of single-particle states {ψi}:

Ψ({r}) = 1√
N !

∣∣∣∣∣∣∣∣∣
ψ1(r1) ψ2(r1) . . . ψN(r1)
ψ1(r2) ψ2(r2) . . . ψN(r2)

... ... ...
ψ1(rN) ψ2(rN) . . . ψN(rN)

∣∣∣∣∣∣∣∣∣ . (4.11)

Writing the wavefunction in this manner ensures that the Pauli exclusion principle is
fulfilled, i.e., no two electrons can occupy the same state. By invoking a variational
principle and requiring the single-particle states to be orthonormal it is possible to
derive the HF equations,

(Ts + Vext(r) + VH(r))ψi(r) +
∫

dr′ Vx(r, r′)ψi(r′) = εiψi(r), (4.12)

which bear a striking resemblance to the KS equations in Eq. (4.7), replacing the XC
potential with the fully nonlocal exchange potentialVx. HF theory lacks any description
of correlation beyond that which is included in the mean-field Coulomb interaction of
VH, however, which severely limits its accuracy in many applications.

4.4 Practical considerations
4.4.1 Extended systems and the supercell method
Periodic boundary conditions are typically employed in studies of condensed matter.
This allows for the study of crystalline materials, i.e., extended systems, without direct
consideration all of the 1010 atoms contained even in small crystallites. The idea is illus-
trated in Fig. 4.2a for a two dimensions; only a single unit cell is explicitly included in
the model, while those surrounding it are implicitly included through periodicity. Here,
the unit cell includes only a single atom, which makes a proper description of phenom-
ena such as thermal motion or defect formation impossible. This can be circumvented
by explicitly including several unit cells in the simulation. Such a construction is called
a supercell and is illustrated in Fig. 4.2b. The number of unit cells necessary in its con-
struction depends on the system under study and the phenomena that are of interest;
thermally induced disorder may require a few hundred atoms to be included, while a
few unit cells may be enough for simpler lattice vibrations. The supercell method can
also be used to approximate wholly disordered systems, such as liquids, so long as it is
taken to be sufficiently large.

4.4.2 Basis sets
The KS wavefunctions, i.e., solutions to Eq. (4.7), are continuous functions of unknown
form whose representation is nontrivial. It is possible to employ real-space grid-based
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(a) Unit cell. (b) Supercell.

Figure 4.2: Schematic illustrations of periodic boundary conditions for a 2D a) unit cell and
b) supercell. Filled circles represent explicitly included atoms, and dashed ones represent their
periodic images.

approaches, where the wavefunctions are defined at discrete points in space, but such
methods tend to be prohibitively expensive. Instead, the wavefunctions are commonly
represented in therms of a basis set expansion of the form

ψi(r) =
∑
j

cjiϕj(r), (4.13)

where cji are expansion coefficients corresponding to the basis functions ϕj . Solving
the KS equations then becomes a question of finding the set of expansion coefficients.
Eq. (4.13) is exact in the limit of basis set completeness, which requires an infinite set
of basis functions. This is clearly impractical, so the expansion is typically truncated at
a point where errors become negligible while maintaining computational feasibility.

The basis functions ϕj can be chosen in numerous ways, each with its own benefits
and drawbacks. Two of the most common ones, and the ones used in the calculations
performed as part of this thesis, are plane waves and Gaussians.

Plane waves
Using a plane wave basis, the KS wavefunctions may be expressed as

ψj(r) =
∑
G

cj(G)eiG·r, (4.14)
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where i denotes the imaginary unit and G a reciprocal lattice vector.³ In practice, this
infinite Fourier series must be truncated at some point. This is typically done by spec-
ifying a cutoff energy, which defines the largest G included in the expansion through
the relation

Ecut =
|Gmax|2

2
. (4.15)

The basis set may thus be systematically improved by increasingEcut, if necessary. This
representation is commonly employed in studies of condensed matter, as its natural pe-
riodicity complements the periodic boundary conditions commonly employed tomodel
extended systems. A drawback of using plane waves is their delocalized nature; the req-
uisite size of the basis set to reach a given computational accuracy scales with the size
of the system, even if large parts of it consists of vacuum.

Gaussians
Using a Gaussian basis set, or set of a Gaussian-type orbitals, the KS wavefunctions
may be expressed in polar coordinates as

ψi(r, θ, γ) =
∑
(nlm)

ci,(nlm)NYl,m(θ, φ)r
2n−2−le−ζr2 , (4.16)

where N is a normalization constant, Yl,m are spherical harmonic functions, and n, l
as well as ζ are shape-determining constants. Gaussian-type orbitals are localized and
typically atom-centered. The requisite basis set size does not scale with the size of the
system, only with the number and type of atoms considered; including vacuum regions
does not incur a significant increase in computational cost. A great advantage of this
representation is that it allows for the analytical solution of some integrals appearing in
the KS and HF equations, making them computationally efficient. Unlike plane waves,
there is no systematic way of improving the quality of a Gaussian basis set. Instead,
theymust be designed and optimized tominimize errors on a set of reference structures,
the choices of which may limit the transferability of the resulting representation.

4.4.3 Pseudopotential approximation
Typical systems of interest to materials science may contain thousands of electrons, but
only the valence states meaningfully respond to changes in the chemical environment.
The core states hardly participate in bonding and thus do not need to be treated with
the same level of detail; the potential arising from the nuclei and core electrons are thus
commonly bundled into a pseudopotential, simplifying their description. This can be
done in such a way that the resulting valence pseudo-wavefunctions are smooth inside

³Discussion of reciprocal space in general is left out of this thesis for brevity.
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of some cutoff radius Rcut, and in agreement with the all-electron result outside; this
is illustrated in Fig. 4.3. As a consequence, the number of states explicitly included
in the KS equations is reduced significantly, and their pseudo-wavefunctions may be
represented using fewer basis functions than in the all-electron case. This constitutes a
significant reduction in computational complexity while retaining a high level of accu-
racy. Precisely which states should be included in the pseudopotential is not clear-cut,
since the core-valence division is approximative in nature, but typically includes at least
the outermost shell of the atomic electronic structure for each element. There is also
some freedom in how to choose the behaviour of the potential within Rcut. A common
choice is to enforce that the norm of each pseudo-wavefunction is equal to the norm of
the corresponding all-electron wavefunction, resulting in the class of norm-conserving
pseudopotentials.

0 Rcut

Radius [arb.]

ψ
R

a
d

ia
l

[a
rb

.]

Pseudopotential

All-electron

Figure 4.3: Sketch of radial wavefunctions ψRadial with the use of pseudopotentials (solid red)
and without (dashed blue).

4.4.4 Solving the Kohn-Sham equations
Solving the KS equations can be done using standard computational techniques for
eigenvalue problems, but one first has to construct the effective potential,

Veff(r) = VH(r) + Vext(r) + VXC(r).

The Hartree and XC potentials depend on the electronic density, however, which is de-
termined using the KS wavefunctions. This means that a self-consistent scheme needs
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to be applied. Such a scheme is illustrated in Fig. 4.4; the initial density can be gener-
ated e.g. completely randomly, or using a linear combination of hydrogen-like atomic
orbitals.

In short, the initial density is used to solve Eq. (4.7) for the set of KS wavefunctions.
These are then used to compute a new density. If the new density agrees with the initial
one, within some threshold, the procedure is considered to be converged. Otherwise,
the procedure is restarted using the updated density and repeated until convergence is
reached.

Calculate Vext(r), generate initial n(r)

Veff(r) = VH(r) + Vext(r) + Vxc(r)

(Ts + Veff(r))ψi(r) = εiψi(r)

n(r) =
∑

i |ψi(r)|2

Converged?

n(r) = n0(r)

yes

no

Figure 4.4: A self-consistent scheme for solving the KS equations.

4.4.5 CP2K
The choice of DFT software is less important than in the past, as accurate results are
achievable with the majority of options, [99] but the capabilities still differ somewhat
between them. This thesis relies on hybrid-functional DFT calculations, which are sig-
nificantly more computationally demanding than those performed at the GGA level
of theory; the software used for these computations, CP2K, implements several tech-
niques that reduces the effort required in evaluating the HF exchange contribution to
the total energy, [100] making the use of larger supercells feasible. This is especially
important in the study of defects, where the dilute limit is typically of interest. In the
following, a short introduction is given to some of these methods.

24



4.4. Practical considerations

Gaussian and Plane Wave Method
As previously discussed, the choice of basis set is associated with both advantages and
disadvantages. However, it is in principle possible to combine different basis sets, and
thus circumvent some of the drawbacks associated with the choice. CP2K implements
the Gaussian and Plane Waves (GPW) method, which makes use of a primary set of
Gaussian-type orbitals for the KS wavefunctions along with an auxiliary planewave
basis set for the density. [101, 102]

With Gaussian-type orbitals, the terms of the KS total energy in Eq. (4.8) can be
expressed in terms of a density matrix P with elements

P µν =
∑
i

cµicνi, (4.17)

where cµi and cνi are the basis set expansion coefficients of Eq. (4.13). In this repre-
sentation, the evaluation of the Hartree and XC potentials are the computational bot-
tlenecks, while the kinetic energy and external potentials may be evaluated efficiently.
By expanding the electronic density into a set of planewaves, nPW(r) ≈ n(r), efficient
Fourier-space approaches can be utilized for those terms instead. The GPW KS energy
functional can then be expressed as

E[P] = Ekin[P] + Eext[P] + EH[nPW] + Exc[nPW], (4.18)

thus making use of the advantages of both basis sets.

PBE0-TC-LRC
The hybrid functional used for the calculations in this thesis is a modified version of
PBE0. [94, 95] Its exchange energy may be expressed as

EPBE0
x = αEHFX

x + (1− α)EPBE
x , (4.19)

where α denotes the fraction of HF exchange EHFX
x to be mixed in with the PBE ex-

change energy EPBE
x . This expression is difficult to compute under periodic boundary

conditions, however, thanks to the presence of a singularity in the Coulombic HF inter-
action potential; this issue can be circumvented by truncating this interaction, setting it
to 0 outside of a cutoff radius RC . [103, 104] The resulting truncated Coulomb-variant
of the functional, PBE0-TC, is significantly easier to evaluate than the full PBE0 de-
scription while retaining high accuracy. The exchange energy typically converges suf-
ficiently fast for this to be a useful approximation, but the convergence behaviour can
be improved further by correcting for the missing exchange description beyond RC .
The long-range corrected truncated-Coulomb exchange functional PBE0-TC-LRC can
thus be constructed as [104]

EPBE0-TC-LRC
x = αEHFX,TC

x + αEPBE,LRC
x + (1− α)EPBE

x , (4.20)
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where EHFX,TC
x is the truncated-Coulomb description of the HF exchange energy, and

EPBE,LRC
x the corresponding long-range corrections computed at the PBE level of theory.

Auxilliary Density Matrix Method
The computational bottleneck in hybrid DFT lies in the evaluation of the HF exchange
energy. Using density matrix notation, this energy may be expressed as

EHFX
x = −1

2

∑
λσµν

P µσP νλ

∫
dr

∫
dr′ϕµ(r)ϕν(r)g(r, r′)ϕλ(r′)ϕσ(r′), (4.21)

where the density matrix elements P ij are defined according to Eq. (4.17) and ϕi are the
corresponding Gaussian basis functions. This limits the system size feasibly accessible
using the method, but it can be extended significantly by using the Auxiliary Density
Matrix Method (ADMM). [105] By introducing an auxiliary basis set with correspond-
ing density matrix P̂, chosen to be smaller than the primary basis set, the HF exchange
energy EHFX

X may approximated as

EHFX
X [P] = EHFX

X [P̂] + EHFX
X [P]− EHFX

X [P̂] (4.22)
≈ EHFX

X [P̂] + EDFT
X [P]− EDFT

X [P̂]. (4.23)

This significantly reduces the number of terms in Eq. (4.21), since EHFX
X only needs to

be calculated using P̂ rather than the full-size P.

26



5
Defect modelling

5.1 Defect formation energies
Defects within a host material can be treated in the same way as pristine materials, for
instance using the supercell method within DFT. The total energies of two different
defects within a host material are not directly comparable, however, as they contain a
different number of atoms. To estimate and compare their relative stabilities one can
make use of the formation energy of a defectX in charge state q, which may be defined
as [106, 107]

Ef [Xq] = E[Xq]− E[host]−
∑
i

niµi + q
(
εF − εv −∆V0/b

)
+ Ecorr, (5.1)

where E[Xq] is the total energy of the defective supercell, E[host] the total energy
of the host material, µi the chemical potentials of the ni added (ni > 0) or removed
(ni < 0) defect atoms, εF the Fermi energy, εv the VBM, and ∆V0/b a term that aligns
the electrostatic potential of the defect supercell with that of the host. Finally, Ecorr is
an a posteriori correction term accounting for finite-size effects stemming from spuri-
ous interactions between periodic repetitions of the defect in the supercell approach.
Typically, the defect behaviour at the dilute limit is of interest, i.e., at defect concentra-
tions low enough to make defect-defect interactions negligible. While some of these
unwanted contributions shrink reasonably fast with increasing supercell sizes, such as
elastic energies arising from lattice relaxation, others decrease much slower — notably,
the electrostatic interaction between image charges of defect systems with q ̸= 0 per-
sist over longer distances. [108] As such, these spurious electrostatic interactions are
often corrected for. This is discussed in some more detail in the next section.

The Fermi energy εF , i.e., the chemical potential of electrons, is not fixed and is typi-
cally plotted against. Similarly, the chemical potentials µi, are treated as variables and
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can be chosen to mimic different synthesis conditions. These choices are constrained,
however, as the chemical potentials are subject to thermodynamic limitations. This is
best illustrated using an example, where the approach of Freysold et al. [107] is adopted,
neglecting the effects of finite temperature and pressure. Under equilibrium growth of
BiVO4, the chemical potentials are subject to the constraint

µBi + µV + 4µO = E(BiVO4) (5.2)

to ensure the stability of BiVO4. Here, E(BiVO4) is the DFT total energy of BiVO4
per formula unit. Eq. (5.2) is dependent on the choice of reference systems for the
constituent atoms, however. This can be circumvented by rewriting this condition in
terms of the formation enthalpy instead, which may be expressed as

∆Hf (BiVO4) = E(BiVO4)− µref
Bi − µref

V − 4µref
O , (5.3)

where µref
i is the chemical potential of species iwith respect to some choice of reference

reservoir. Here, an appropriate choice is the DFT energies per atom of bulk vanadium
and bismuth metal, as well as an oxygen molecule. Combining Eq. (5.2) and Eq. (5.3)
yields

∆Hf (BiVO4) = (µBi − µref
Bi ) + (µV − µref

V ) + 4(µO − Eref
O ) (5.4)

= ∆µBi +∆µV + 4∆µO, (5.5)

where each∆µ is independent of reference choices. Upper bounds for these quantities
may be found by preventing the formation of bulk metal and gaseous oxygen, imposing
the constraints

∆µBi ≤ 0, ∆µV ≤ 0, ∆µO ≤ 0. (5.6)
BiVO4 is not the only oxide that could form during synthesis, however, and it is desir-
able to suppress the formation of secondary products. This subjects each∆µ to further
constraints. Considering the formation of VO2, V2O5, and Bi2O3 gives that

∆Hf (VO2) ≥ ∆µV + 2∆µO, (5.7)
∆Hf (V2O5) ≥ 2∆µV + 5∆µO, (5.8)
∆Hf (Bi2O3) ≥ 2∆µBi + 3∆µO, (5.9)

ensuring that BiVO4 is the only stable product.
The constraints of Eqs. (5.5)–(5.9) can be visualized in the form of a phase diagram,

as shown in Fig. 5.1, where the upper bounds represent Eq. (5.6) and the lower bounds
Eq. (5.5). The lines within the boundaries represent Eq. (5.9); the region where all these
constraints are fulfilled, and BiVO4 formation thus favorable, is represented by shading.
The defect formation energies for the native defects of BiVO4 at the chemical potentials
marked by red dots in Fig. 5.1 are shown in Fig. 5.2. In Paper II, the stability of the
native defects of BiVO4 is investigated using the method outlined above.
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Figure 5.1: Phase diagram of BiVO4 formation with competing side reactions. The region of
stability, i.e., where Eqs. (5.5)–(5.9) are fulfilled, for BiVO4 is shaded in grey. Based on data from
Paper II. [65]

5.2 Charged defects
The term Ecorr in Eq. (5.1) demands special attention. While modelling the effects of
e.g. spurious wavefunction overlap and elastic interactions is possible, [107] it is com-
monplace to correct only for electrostatic interactions arising for charged defects. This
is typically done using an ad hoc correction scheme.

The simplest such scheme uses the Madelung energy, which describes the energy of
a point charge array with neutralizing background, [109]

EMadelung
corr =

q2α

2L
, (5.10)

where α is the Madelung constant, dependent on the Bravais lattice of the defect’s host
crystal, and L is a typical supercell dimension. Real defects cannot always be described
as point charges, however, in which case this description is insufficient.

In this sense, the scheme of Freysoldt, Neugebauer and Van de Walle is more adapt-
able. [110, 111] A model charge distribution is chosen, and the electrostatics of the
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Figure 5.2: Defect formation energies for the native defects of BiVO4. A vacancy of species A
is denoted VA, an A interstitial Ai, and a substitutional A atom on a B site AB . Based on data
from Paper II. [65]

defect is estimated based on this model. The correction term is then given by

EFNV
corr = Elat − q∆Vq/0, (5.11)

whereElat is the difference in electrostatic energy between isolated and periodic model
charge densities, q the defective system’s charge, and qVq/0 a term that aligns the elec-
trostatic potentials of the charged and neutral defect supercells. This scheme is widely
used and has been found to produce robust and consistent results; [106] in Paper II, we
make use of the method to study the native defects in BiVO4 in different charge states.
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Summary of papers

Paper I
Influence of Oxygen Vacancies on the structure of BiVO4

In Paper I, oxygen vacancies in tetragonal scheelite bismuth vanadate are studied. A
thorough search for stable configurations in the host material is undertaken, and these
structures are then subjected to variable-cell optimization, allowing the lattice param-
eters to change along with the atomic positions. The presence of the vacancy induces
significant lattice distortions, which grow more pronounced with increased defect con-
centration. These distortions persist at finite temperatures.

To get insight into how oxygen deficiencymight affect experimental characterization
of BiVO4 samples, we simulate the powder X-ray diffraction patterns of the distorted
defective as well as the pristine tetragonal and monoclinic scheelite structures. We find
that the distortions induce splitting of diffraction peaks bearing a strong resemblance
to that of monoclinic BiVO4. This splitting is clear at experimentally achievable oxygen
vacancy concentrations, but becomes more pronounced as it increases.

The computed diffraction patterns are finally compared to some examples from ex-
perimental literature. The experimental results vary in quality, which renders their
interpretation somewhat ambiguous, and all three patterns bear stronger resemblance
to those of the oxygen-deficient structures than that of pristinems BiVO4. This suggests
that X-ray diffraction may be insufficient to unambiguously verify that monoclinic bis-
muth vanadate has been synthesized, and complementary characterization techniques
should be employed to rule out significant oxygen deficiency.
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Paper II
Charge Localization in Defective BiVO4

In Paper II, the native defects of bismuth vanadate are studied in the material’s mon-
oclinic scheelite phase. As excess charges tend to localize in the material, a thorough
investigation of the relative stability of different polaronic configurations around each
defect is conducted. We find that charge localization greatly affects the lattice geom-
etry in the vicinity of the defects, and thus plays an important role in the material’s
defect chemistry. In particular, the excess holes stemming from oxygen interstitials
and vanadium vacancies may form bipolarons in the form of oxygen dimers, which
have previously been predicted to have an overall positive effect on the water splitting
reaction.

Defect formation energies are calculated under different synthesis conditions. Fermi
level pinning due to compensation between donors and acceptors leads to p-type con-
ductivity only under a very slim set of oxygen-rich conditions, making it hard to achieve
in synthesized samples. Instead, the material exhibits n-type conductivity under a wide
range of synthesis conditions. This is in good agreement with experimental literature,
where examples of p-type BiVO4 are exceedingly rare.

Our results highlight the complexity of the defect landscape in bismuth vanadate as
well as the necessity of taking polaron formation into account in computational studies
of defects, both in the BiVO4 and other complexmetal oxides, to obtain a full description
of defect formation.
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7
Outlook

This thesis presents studies of native point defects in the bulk of BiVO4. Near-surface
defects at are just as important, however, and their properties cannot be determined by
simply extrapolating those in the bulk. Defects that are exposed to electrolyte may fur-
thermore interact with OER intermediates, potentially influencing the reaction barriers.
Insight into such effects is of great scientific and technological interest, so extending
the discussion of Paper II to include surface phenomena is a highly interesting topic.

This holds true for extrinsic defects as well, which were not considered within this
thesis. As discussed in Chapter 3, the incorporation of several different impurities has
been studied experimentally, to varying degrees of influence on the material’s PEC ef-
ficiency for the OER. For instance, the incorporation of nitrogen reduces the bandgap
of BiVO4, thus allowing for the absorption of a larger part of the visible light spectrum.
The overall effect on the OER is unclear, with conflicting reports in the literature. Clar-
ifying the role of the impurity could lead to a reliable doping strategy, or rule out its
viability as a dopant.
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