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Abstract

Design new materials for energy production in a photoelectrochemical cell, where water
is split into hydrogen and oxygen by solar light, is one possible solution to the problem of
increasing energy demand and storage. A screening procedure based on ab-initio density
functional theory calculations has been applied to guide the search for new materials.
The main descriptors of the properties relevant for the screening are: heat of formation,
electronic bandgap, and positions of the band edges with respect to the red-ox levels of
water. A recently implemented exchange-correlation functional, called GLLB-SC, has
been used for the estimation of the bandgaps.

Firstly, a screening procedure has been applied to 19000 cubic perovskite structures.
These are obtained by combining 52 metals together with oxygen, nitrogen, sulfur and
fluorine as anions. 32 promising materials have been found for visible light harvesting,
20 for the one-photon and 12 for the two-photon water splitting process. In addition,
16 candidates were suggested for the transparent shielding of the photocatalyst. The
problem of corrosion has been addressed for the candidates for the one-photon scheme
using Pourbaix diagrams.

Later on, the screening has been extended to more complex structures, like double
and layered perovskites and new compounds of interest for the light harvesting problem
were found. In addition, the trends in the bandgaps have been studied. The bandgaps
can be tuned by an opportune combination of the metal atoms in the B-ion position in
the double perovskite, and of the B-metal ion with the thickness of the octahedra in the
layered perovskite structure.

In the first part, the crystal structure has been kept fixed. Later, the calculations
were done using the structures provided by the Materials Project database, which is
based on the experimental ICSD database, and the bandgaps were calculated with
focus on finding materials with potential as light harvesters. 24 materials have been
proposed for the one-photon water splitting and 23 for the two-photon mechanism.

Another method to obtain energy from Sun is using a photovoltaic cell that con-
verts solar light into electricity. The absorption spectra of 70 experimentally known
compounds, that are expected to be useful for light-to-electricity generation, have been
calculated. 17 materials have been predicted to be promising for a single-layer solar cell
and 11 for a double-layer device.






Resumeé

Desig af nye materialer til energiproduktion i en photoelektrokemisk celle, hvor vand
spaltes til brint og ilt med sollys, er en mulig lgsning p& problemet med stigende en-
ergieftersporgsel og krav til opbevaring. En screeningprocedure baseret pa beregninger
med ab-initio teethedsfunktionalteori blev anvendt i sggningen pé nye materialer. Hov-
eddeskriptorerne for de relevante egenskaber i screeningen er: dannelsesentalpien, det
elektroniske bandgab og positionen af bandenes kanter i forhold til red-ox niveauerne
for vand. Et nyligt implementeret exhange-korrelations funktionale, kaldet GLLB-SC,
er blevet anvendt til at estimere bandgab.

Som det forste er en screenings procedure blevet anvendt pa 19000 kubiske perovskit-
strukturer. Disse opnas ved at kombinere 52 metaller med anionerne ilt, nitrogen, svovl
og fluor. Dette resulterede i fund af 32 lovende materialer til hgstning af synligt lys;
20 for en-foton og 12 for to-foton processen for spaltning af vand. Desuden blev der
foresldet 16 kandidater til transparent skeerming af photokatalysatoren. Problemet med
korrosion er blevet imgdekommet for kandidaterne til én-foton mekanismen ved hjslp
af Pourbaix-diagrammer.

Senere er screeningen blevet udvidet til mere komplekse strukturer som dobbelte
og lagdelte perovskitter, og nye forbindelser af interesse for hgst af synlig lys fundet.
Derudover er tendenser for bandgab blevet undersggt. Bandgabene kan justeres ved en
belejligt kombination af metalatomerne i B-ion-positionen for dobbelte perovskitter, og
i B-metalionen med tykkelsen af oktaeden i den lagdelte perovskitstruktur.

I den fgrste del blev krystalstrukturen fastholdt. Senere blev beregningerne udfgrt
under anvendelse af de strukturer der leveres af Materials Projekt databasen, som er
baseret pa det eksperimentelle ICSD database, og bandgab blev beregnet med fokus
pa at finde materialer med potentiale til at hgste lys. 24 materialer blev foreslaet for
én-foton spaltning af vand og 23 for to-foton mekanismen.

En anden metode til at hgste energi fra Solen er ved hjelp af solceller som omdanner
solens lys til elektricitet. Absorptionsspektret af 70 eksperimentelt kendte forbindelser,
der forventes at veere brugbare for lys-til-el produktion, er blevet beregnet. 17 materialer
er blevet forudsagt at veere lovende for brug i enkeltlags-solceller og 11 for dobbeltlags-
anordningen.

vii
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Introduction

One of the most pressing problems of our time is finding an easy and cheap access to
sources of energy. Since of the industrial revolution, the consumed energy per person
per year has increased constantly. In particular, the energy consumption in these days
is more than five times larger than the corresponding consumption in the middle of the
last century. This increment is directly related to the increase of the living standards
after the Second World War. In the last twenty years, mainly in Europe and in a minor
part in North America, the consumption per year is decreasing. The trend is opposite
for the developing countries in East Asia and in the Pacific area where the consumption
has doubled.!

The required energy is around 80% obtained from fossil fuels, like petroleum, natural
gas, and coal. The remaining is split between nuclear and mainly renewable energy,
where the most used sources are biomasses, wind and hydropower. In the future, the
fossil fuels will disappear or become too expensive to be used so massively. Indeed,
several of the petroleum producer countries have already reached their production peaks.
A possible solution is to increase the role of renewable sources in the global energy
production next to a more responsible use of the energy. Among all the sources of
energy, the Sun is the one with the highest potential.

The massive use of fossil fuels is also related to climate problems. One of the products
of their combustion is carbon dioxide that is one of the most present greenhouse gas
in the atmosphere and which emission is almost quadrupled in the last twenty years.
Even if the effects on the climate of such a large increase of the COs emissions is still
uncertain, several scenarios have been studied. Some models predict moderate changes
in the climate, whereas others predict dangerous increase in the temperatures, rise of
the sea level, and more extreme atmospheric phenomena.? Another effect of the use
of fossil fuels is the increase of pollution, particularly in the developing countries, with
the related problems for the human health. These and others effects will encourage
people to address to other sources of energy and in particular to solar energy since of
its enormous potential.

The use of solar energy requires solar harvesting and consequent storage. The cap-
ture and conversion of solar light can be accomplished by means of photovoltaic (PV)
cells, where the energy from the Sun is converted into electricity, or by photoelectro-
chemical (PEC) reactions, where the solar energy is converted into chemical energy. The
challenge for an efficient PV cell is to reduce the cost of delivery of electricity. Due to
the diurnal variation in solar insolation, and without an efficient, cheap, and eco-friendly
storage, solar electricity will be hard to be the primary energy source. Solar electricity
can be stored in batteries, but they are expensive, and contain dangerous and toxic
chemical elements. Electricity can also be converted into thermal or mechanical energy,
like pumping water uphill, but it requires for additional and expensive infrastructures
(reservoirs, for example).?
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In a PEC cell, the chemical bonds are broken and formed to produce fuel in a way
similar to a photosynthesis process. The most simple reaction to run in a PEC cell is
the electrolysis of water into hydrogen and oxygen. Hydrogen and oxygen can then be
stored into tanks, converted into other chemicals, like ammonia, metal hydrides, and
hydrocarbons, or stored into fullerenes and carbon nanotubes. A PEC cell requires a
semiconductor that absorbs light and the energy from the created electron-hole pair is
used to run the chemical reactions.

A semiconductor to be useful in a PEC cell as a light harvester should be (i) chem-
ically and structurally stable under irradiation; have (ii) an appropriate bandgap al-
lowing the utilization of a good part of the solar spectrum; have (iii) band edges well
positioned with respect to the red-ox levels of water; and have (iv) high electron-hole
mobility so that the electrons and holes reach two different parts of the surface and
reduce/oxidize the targets before recombining.®# In addition, low cost and non-toxicity
are also required. Several efforts have been made to design a semiconductor to split
water in oxygen and hydrogen using the energy from the Sun starting from more than
40 years ago when Fujishima and Honda® proposed to use TiO, as light harvesting
material under UV light. More recently, Maeda et al.’ have found that the solid so-
lution of GaN and ZnO is a promising material for water splitting under visible light.
Other materials recently proposed to be used are silver niobate (AgNbO37) and few per-
ovskite oxynitrides (BaTaOoN, SrTaO2N, CaTaO2N and LaTiOoN®). Even if numerous
semiconductors have been studied, the ideal material has not been found.

The focus of the present thesis is to find new materials that can be used in a PEC
cell under visible light irradiation combining Density Functional Theory (DFT) with a
computational screening approach. The development of new materials using ab-initio
quantum mechanical calculations has been possible thanks to the increase of compu-
tational power over the last couple of decades, in combination with methodological
improvements. Examples of computational screening include the construction of semi-
conductor superlattices,” the development of battery cathodes,'? searching for high
stability alloys'! and, more recently, for high performance piezoelectrics,'? for inorganic
scintillators,' and for organic photovoltaics.'*:

In general, computer simulations are faster and cheaper than experiments. It means
that the number of materials under investigation can be enormous. Computer simula-
tions can rapidly reduce the number of candidates for a particular application following
the desired design criteria based on few descriptors that connect microscopic quantities
to macroscopic properties, and then suggest materials for experimental investigation.
Experiments and simulations usually work on two different aspect of the same problem:
in computer simulations, the atomic and electronic structure can be easily studied but
it is difficult to obtain the global picture, including also the external conditions, that
instead can be studied by experiments. In the materials design process, experiments and
simulations are deeply connected: experiments define the problem and the important
parameters to be used in the computer simulations. The screening provides (few) inter-
esting materials to investigate experimentally and wait for feedback on how to improve
the results.

In the present study, around 23000 materials have been screened for stability, bandgap,
and position of the band edges. An handful number of candidates have potential to be
used in a PEC device and as a protecting shield against corrosion. The problem of
finding new efficient materials for a thin film solar cell has also been addressed.

Outline of the Thesis

This thesis is organized as follows:
Chapter 1 introduces briefly Density Functional Theory and describes the theoretical
methods that have been used during the project.



Chapter 2 presents the screening for new materials in the cubic perovskite structure
with general formula ABXg3, where X3 is oxygen, nitrogen, sulfur, fluorine, and their
possible combinations, for one-photon water splitting. These results are presented in
Papers I and II.

Chapter 3 reports the results of the screening for two-photon water splitting device,
and transparent shielding of the photocatalyst for the cubic perovskites considered in
Chapter 2. This is a summary of the results included in Paper II.

Chapter 4 discusses the problem of stability in water using Pourbaix diagrams and
combining theoretical data, like DFT total energies, with experimental information,
such as dissolution energies. This chapter is based on Paper V.

Chapter 5 presents trends for stability and bandgap of the cubic perovskites by using
simple statistical methods and cluster analysis.

Chapter 6 introduces an evolutionary algorithm used to identify the candidates for
one-photon water splitting in the cubic perovskite structures. The results on the effect
of different parameters on the efficiency of the algorithm are presented in Paper IV.
Chapter 7 presents the screening for one- and two-photon water splitting for double
and layered perovskites. Few suggestions on how to combine different metals, for the
double perovskites, and to change the thickness of the layers, for the layered structures,
to tune the bandgap are provided. The results are collected in Paper III and VI.
Chapter 8 reports the results of bandgap calculations of experimentally available struc-
tures present in the Materials Project database.'® The screening looks for applications
related to the light harvesting problem.

Chapter 9 presents the screening for new thin film solar cell materials. The absorption
spectra of 70 experimentally known materials have been calculated.






Chapter 1

Theory

Most of the results presented in this work are based on first principle (or ab-initio) quan-
tum mechanic calculations. First principle means that the only input to a calculation is
the information regarding the atoms, like atomic numbers and positions, and the unit
cell. No additional empirical parameters are needed. The methodological improvements
and the increase of computational powers in the last decades has made it possible to
study more realistic systems and to enable a direct comparison with experimental re-
sults. It has also been possible to search for new, more efficient materials by using only
first principle techniques. The goal of this chapter is to provide a general introduction
of the theory used in this thesis. Atomic units are used in this section, e = i = m, = 1.

1.1 The Electronic Structure Problem

Condensed matter systems are composed of interacting electrons and nuclei. All their
ground state properties can be described using the time independent Schrédinger equa-
tion:

HU = eV | (1.1)

where H is the Hamilton operator that describes the system, ¥ the many-body wave-
function, and e the total energy. The non-relativistic hamiltonian of N electrons and
M nuclei of charge Zx > 0 and mass my is given by the sum of the kinetic energies, T,
of the electrons and nuclei, the attractive interaction between the electrons and nuclei,
Ven, and the Coulomb repulsion between the electrons, V., and between the nuclei,
Vian:

H =T + ‘/en + ‘/ee + Vnn (12)
N M
_ 1 2 1 1 2
- QZv" 2 Z vaK
= K=1
— —RK| = I —ra| “ R —Ry|’

where the lower- (upper-)case letters indicate electrons (nuclei). The hamiltonian de-
pends on both electrons and nuclei. Vg, can be replaced by ve,; to include also other
possible static force fields than those created by the nuclear charges. Due to the large
difference in mass between the electrons and nuclei, the hamiltonian can be decoupled
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into nuclear and electron systems (Born-Oppenheimer approximation!'”). Electrons,
that are around 2000 times lighter than the hydrogen nucleus, respond instantaneously
to the change in the positions of the nuclei, while nuclei are assumed to be fixed. The
kinetic term of the nuclei and the repulsive Coulomb interaction between them can thus
be added to the hamiltonian as constants.

Eq. 1.2 can be solved in different ways depending on the system under investigation
and the level of approximation. In the Hartree-Fock method,'® the many-body wave-
function is approximated by a single Slater determinant. More sophisticated methods, as
for example Configuration Interaction'? and variational Quantum Monte Carlo,2? have
been developed to provide more accurate results, but with an increase of the computa-
tional cost. Eq. 1.2 can also be calculated in terms of one-particle Green’s functions to
obtain the ground state energies (Random Phase Approximation?!) or the quasi-particle
energies (GW method??).

Density Functional Theory (DFT) is one of the most used and powerful methods
to calculate ground state properties. Instead of using the many-body wavefunctions
or the one-particle green’s functions, the many-body problem is solved in terms of the
non-interacting electron density, n(r). The next section gives an introduction to the
DFT method.

1.2 Density Functional Theory

DFT is based on the work by Hohenberg and Kohn:?3

Theorem 1.1. (Hohenberg-Kohn 1, 1964) There is a one-to-one correspondence
between the ground state electron density n(r) and the external potential vez: acting on
the system.

This means that two ground state densities are different if their external potentials
differ by more than a constant. All the physical ground state properties of a system
are determined uniquely by the electron density n(r). The ground state energy FE,
depending on v, is a functional of the ground state density:

Eln(r)] = (¥[n(0)][T + Vee[¥[n(r)]) + /vem(r)n(r)dr : (1.3)

The ground state energy is obtained through a variational principle which is a conse-
quence of the Hohenberg-Kohn Theorem.

Theorem 1.2. (Hohenberg-Kohn 2, 1964) For any density n'(r), the ground state
energy, Fo, is the minimum value of the energy functional, E[n'(r)].

So, the energy functional E[n'(r)], that is uniquely defined by vey¢, is minimal at
the ground state density and the minimum is:

Eo = min E[n’(r)] . (1.4)

n (r)

The two theorems provide the basis for DFT, but they do not explain how to solve the
many-body problem in a simple way.

1.2.1 The Kohn-Sham Equations

The work by Kohn and Sham?? gives a simple scheme in which the system of interacting
electrons is mapped onto a system of non-interacting electrons. Kohn and Sham proved
that for a given interacting ground state density, ng(r), there exists an effective potential,
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Vs, where the non-interacting hamiltonian H = T + V; gives a ground state density,
n(r), equal to ng(r). The Schrodinger equation (Eq. 1.1) can now be written in terms
of the single-particle wavefunctions ¢;(r):

Hysi(r) = eigi(r) (1.5)

where H Ks is the one-electron hamiltonian.

Since the Hohenberg-Kohn theorem 1.1 is valid for any system of electrons, v, is
determined in an unique way by the density n and the density functional 1.3 can be
written as:

Exs[n(r)] = Tuln(r)] + / vs(r)n(r)dr (1.6)

where T is the kinetic energy of the independent particles.
The Kohn-Sham effective potential, v, is the sum of the Hartree potential vy, the
external potential ve.;; and the exchange-correlation potential vg:

Us (I‘) =VH (I‘) + Vext (I‘) + Uwc(r) . (17)

The Hartree potential accounts for the Coulomb interaction between the electrons:
L ([ n@n)
== ———drd 1.8
o= 5 [ | M (13)

and v.;; includes the interactions due to the nuclei and other external potentials. The
many-body interactions (exchange and correlation) are collected in vg..
The exchange-correlation functional E,.[n] is defined as:

Eqeln] = T[n] = Ts[n] + Vee[n] = Vuln] , (1.9)

where T'[n] — Ts[n] reproduces the correlation contribution to the kinetic energy and
Vee[n] — Vi [n] the interactions between electrons beyond the Hartree energy. v, is the
functional derivative of E,.[n] with respect to the density. The Kohn-Sham hamiltonian
is exact, and only v,. needs to be approximated. The Kohn-Sham equation (Eq. 1.5)
is usually solved numerically through a self-consistency procedure: at first an initial
density is chosen, the corresponding effective potential is calculated, and, then, the
Kohn-Sham equation is solved. A new density is constructed and the iterative cycle
starts again until the desired convergence is reached.

1.2.2 The Exchange-correlation Functionals

The exchange-correlation functional can be approximated in several ways with different
computational cost and accuracy. The most common functionals are the Local Density
Approximation (LDA) and the Generalized Gradient Approximation (GGA).

The Local Density Approximation (LDA)

Since the Kohn-Sham equations separate the independent-particle kinetic energy and
the long range Hartree potential, the remaining term can be approximated by a local
functional of the density. In the Local Density Approximation,?* the xc-energy density
is approximated by the xc-energy density of the homogeneous electron gas of density

n(r), ege < (n(r)):

xc

ELDA — /n(r)eHEG(n(r))dr . (1.10)
The exchange term of ¢lFC(n(r)) is known exactly, while the correlation part is cal-
culated by quantum Monte-Carlo methods. In principle, LDA should be used only
for slowly varying densities but it has success for a larger class of systems even if it
overbinds the atoms in molecules and solids, and underbinds the core electrons.?® For
example, LDA fails to reproduce strongly correlated systems, where the approximation
of independent particles breaks down.
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The Generalized Gradient Approximation (GGA)

The Generalized Gradient Approximation is an improvement of the Local Density Ap-
proximation. Since the exchange-correlation functional also depends on the gradient
of the density in addition to the density, GGA is more suitable for in-homogeneous
systems. The exchange-correlation functional assumes the form:

EGGA :/f(n(r), Vn(r))dr . (1.11)

Compared to LDA functionals, GGAs usually give better results in terms of total
and atomization energies, structural energy differences and energy barriers. GGA cor-
rects (and sometimes overcorrects) the length of bonds by making them longer than for
LDA.26 While the €I®¢ in LDA is a well defined function, several forms of the GGAs
f(n(r), Vn(r)) are available and lead to different implementations, like Perdew-Wang
(PW91),%® and Perdew-Burke-Enzerhof (PBE).25 A revised PBE, called RPBE,?" that
gives better results for atomization energies, has been used for optimizing the structures
and for calculating the total energies throughout this work.

1.2.3 The Bandgap Problem

One of the biggest failures of standard DFT is the evaluation of bandgaps. In com-
parison with experimental values, DFT bandgaps are seriously underestimated. DFT
calculates the bandgap as the difference between the lowest unoccupied (LUMO) and
the highest occupied molecular orbital (HOMO). In reality, the quasi-particle or fun-
damental bandgap, Eg,ﬁ), is given by the difference between the ionization energy, I,
and the electron affinity, A. The ionization energy is defined as the energy required to
remove an electron from the system, the electron affinity as the energy released from a
neutral system when an electron is added:

EX =I1-A=FEy_1—Ev+FEny1—Ey=Enj1+En-1—2EyN (1.12)

where Ey is the energy of the N-electron system and Eny; and En_1 are the energies
of the system when one electron is added and removed, respectively.

The work by Janak?® provides a relation between the energy functional and the
Kohn-Sham eigenvalues:

Theorem 1.3. (Janak, 1978) The eigenvalue, €;, of a system is the derivative of the
total energy with respect to the orbital occupation number of the state, n;:
_0F

€ (1.13)

For a non-interacting system, the theorem is always valid.For an interacting system,
the only eigenvalue that is exact is the energy of the highest occupied state, because
the ground state density is exact.?? This eigenvalue correspond to minus the ionization
energy, —I. The lowest unoccupied state is, instead, different from the electron affinity,
because the density changes when this state becomes occupied. As a result, the bandgaps
turn out to be underestimated.

Another source of error is the so-called self-interaction error: in the expression of
the Hartree potential (Eq. 1.8), each electron feels the electrostatic repulsion from all
the electrons in the system including itself.

The bandgap problem is not intrinsic in DFT, but is related to the exchange-
correlation functional chosen. All the functionals that do not include the calculation of
the derivative discontinuity show a failure in the evaluation of the bandgap.?® There
are several methods to overcome the problem. Since Hartree-Fock (HF) does not suffer
from the self-interaction error and does not contain any correlation term, the bandgap
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EyoNp

Ey(N)

Figure 1.1: Ground state energy of an atom with N charges in the nucleus and N + w
electrons.

is overestimated. Hybrid functionals combine a portion of exact exchange present in
HF with exchange and correlation from DFT and gives more reliable bandgaps. There
are several hybrid functionals available. The most popular functionals are Becke, Lee-
Yang-Parr (B3LYP),?! and Heyd-Scuseria-Ernzerhof (HSE).?? Another approach is to
use many-body methods, like the GW approximation.?? These methods give more accu-
rate results for the bandgap than standard DFT with an increase of the computational
cost. A third way is to use a functional that includes the derivative discontinuity.

1.2.4 The Derivative Discontinuity

The chemical potential, u, for a system is defined as:

_ JE
B n(r)

(1.14)

For a N-electron system in the ground state with energy Ey, the chemical potential
u(N) takes the form

_ 0Ey
M(N)—W .

The concept of derivative discontinuity becomes clear when a system with non-
integer number of particles is considered* The total ground state energy, Ei.:, of two
well-separated neutral atoms, X and Y, is:

(1.15)

Etot == EX + EY 5 (116)

where E'x (Ey) is the ground state energy of X (Y). u(N) is assumed to be continuous
and, in addition, pu(X) < u(Y'), so that there is a fraction of electrons, 0.N,, that moves
from Y to X. This lowers the total energy by (u(X) — p(Y))0N, < 0. The energy is
thus minimized with a negative charge on X and a positive charge on Y and this is a

paradox to Eq. 1.16.
Following Perdew et al.,® for an open system with fractional electron number, the

minimizing density is
n(r) = (1 —w)ny(r) + wny41(r) , (1.17)

*In 1982, Perdew et al.33 extended Density Functional Theory to densities with fractional particle
numbers.
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where ny and ny41 are the densities of the IV and IV + 1-particle systems, and w is the
fraction of electron. The energy minimum for a fractional electron w is given by:

Eniw = (1 — w)EN +wENy (118)

where Fy and En41 are the energies of the N and N + 1-particle systems, respectively.
The total energy En as a function of the particle number N is composed of straight lines
with possible derivative discontinuities at N, as shown in Fig. 1.1. The first ionization
potential, I(N), and the electron affinity, A(N), are defined as:

I(N) = Ex-1(N) = Ex(N) (1.19)
A(N) = En(N) = Ena(N) . (1.20)

The chemical potential is equal to I(N) for 1 < w < 0 and to A(N) for 0 < w < 1. The
paradox is solved using these definitions. In fact, the total energy of the two separated
atoms is:

Eiypo=Ex_ow+ Eyviy, (121)
and is minimized at w = 0 since for real systems the largest electron affinity is still
smaller than the smallest first ionization potential.?*

With the concept of fractional number of electrons, the bandgap of a solid can be
written as:
oF
on(r)

0B
Nys  On(r)

with § — 0. The Hartree and the external potential give no contribution to the bandgap
and do not contain a discontinuity. For a non interacting system, the bandgap is given
by the Kohn-Sham bandgap, EXS | through the kinetic term:

Egap=1—A=—p(N —0)+pu(N +6) =

, (1.22)
N—-§

gap)
oT. 0T,
KS s s
ap — - = €lumo — €homo (123)
EP O on(r) [y 0n(r) | y_s
and for the interacting system, the bandgap is equal to:
0T, 0T 0E,. OF ..
Bgap= 5 25| — 573 — = =S| =B+ AR, (1.24)
on(r) Nts on(r)|y_s On(r) Nts on(r) | y_s

where AZS) is derivative discontinuity. This term is missing by construction in the
most common exchange-correlation functionals, and the segments of Fig. 1.1 are ap-
proximated by a continuous function with continuous derivative. At least for common
semiconductors, the lack of the derivative discontinuity is considered responsible for the

discrepancy between the calculated and experimental bandgaps.

The Gritsenko-van Leeuwen-van Lenthe-Baerends
Potential (GLLB)

The potential proposed by Gritsenko, van Leeuwen, van Lenthe, and Baerends3® con-
tains by construction the derivative discontinuity. The good results with respect to the
evaluation of the bandgaps of semiconductors is one of the reasons why this potential
has been chosen during this work. The following section will give a brief introduction
to the potential.

The original GLLB potential is a further approximation to the KLI approximation
to the exact exchange optimized effective potential (EXX-OEP). The exchange correla-
tion potential, vy, contains a screening part, vz scr, and a response term, vz resp- 1he

fThe Optimized Effective Potential method3® is an improvement to the common exchange-
correlation functionals. It has the advantages of including the derivative discontinuity and it does
not require any assumption about the homogeneity of the system.37 It is also more time consuming
than standards functionals, like LDA, and it requires further approximations, like the one proposed by
Kriger, Li, and Iafrate (KLI).38

10
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Compound | LDA | GLLB | GLLB-SC | GW | Exp.

(O 4.09 5.70 5.41 5.33 | 5.48

Si@ 0.44 1.13 1.00 1.24 | 1.17

Ge @ 0.00 0.00 0.27 n.a. | 0.74

AlAs @ 1.34 2.72 2.49 2.18 | 2.32

GaAs @ 0.36 0.69 1.04 1.58 | 1.63

LiF ¢ 8.78 | 15.38 14.96 13.5 | 14.2

Ar @ 8.18 | 14.46 14.97 13.1 | 14.2

InP ? 0.61 | n.a. 1.63 1.32 | 1.42

MgO ® 4.63 n.a. 8.32 7.25 | 7.83

MAE 2.28 0.54 0.41 0.36

2Reference.*0
bReference.*2

Table 1.1: Comparison between different methods for calculating the bandgaps and their
experimental values. The Mean Absolute Error (MAE) is also indicated. All units are in eV.

screening term contains the Coulomb potential of the exchange-correlation hole and is
attractive. The response term depends on the pair correlation response to variations
of the density. It is repulsive and a short-range term. These two terms are approxi-
mated using a GGA functional. In the original GLLB potential, B88 was used®® with
good results for small systems because of the asymptotic behavior —1/r and a single
parameter that fits with a variety of atomic systems. A revised version of the GLLB
potential, called GLLB-SC% (where SC stands for solid, correlation), uses the PBEsol
functional*! which performs better in case of solids. The screening term is written as

Vge,ser(T) = 2eE 850l (p) (1.25)

Using the KLI approximation, the response term is written as

vmc,resp(r) = Zwi |¢;E:‘;| P (126)

where the coefficients w; are determined self-consistently. w; is expensive to calculate
because it includes the Fock-operator. The GLLB potential simplifies this expression to
a function that depends only on the differences of the Kohn-Sham eigenvalues:

w; = fler —€) = Kover — € (1.27)

where K, =~ 0.382 is a parameter to reproduce the exchange potential for the uni-
form electron gas and €, is a reference energy corresponding to the highest occupied
eigenvalue. The final form for the exchange-correlation potential is:

i

occ . 2
vS}LBS%)—%E?ESOI(rHEMWWTZg' FoPBEAr) (128)

The correlation in the response part is taken from the PBEsol functional, v} pree.

The discontinuity is included in the exchange response part and in particular in the
calculation of the coefficients w;. w; depends explicitly on the reference energy e,.. For
an integer occupation J, €, is equal to:

6{6] lfNﬁJ

€41 itN>J. (129)

€, is the HOMO when the particle number, N, is smaller than the J. As soon as N
exceeds the occupation, the LUMO becomes now the highest occupied state and it is the

11
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new reference. Due to the change in the reference energy, the discontinuity, at N = J,
has the form:

N 2
Am,resp - Z ﬁz(\/eNJrl — € — \/EN - 61’) |'(/J (r)| . (130)

n(r)

Ay resp depends on the spatial coordinates. The discontinuity, that is unique for each
system, is evaluated using first order perturbation theory:

ch = <’L/)N+1|Ax,resp|'(/)N+l> . (131)

The dominant term in the discontinuity comes from a region close to the Fermi level.
In fact, the contribution to Ay ;esp is vanishing for €; =+ —oo.

The quasi-particle bandgap, Ega%, is then obtained adding the discontinuity to the
Kohn-Sham gap:

EgQa?) = Eé(ai + Age = €lumo — €homo + Dae - (132)

Kuisma et al.*’ have calculated the bandgaps of semiconductors and insulators
using different methods, like LDA, GLLB(-SC), and GW, and compared the results
with experimental values. All the values are reported in Table 1.1. As indicated by the
Mean Absolute Errors, the GLLB(-SC) performs much better than standard LDA and
gives bandgaps very close to the ones obtained by GW.

The GLLB-SC potential has been widely used in this work. Since it is not a func-
tional, but only a potential, the total energy is not calculated. The GLLB-SC has been
used to calculate the bandgaps while the crystal structures have been optimized using
RPBE. GPAW*34 is the DFT code used throughout this thesis.

12



Chapter 2

Cubic Perovskites for
One-photon Water Splitting

This chapter describes the screening scheme and discusses the results of the screening
of around 19000 cubic perovskites for the one-photon water splitting application. In
order to have an easy access to the data and to favor their sharing and analysis, the
development of a database, called Computational Materials Repository (CMR), has
been necessary. The chapter is based mainly on Paper I and, in a minor part, on Paper
II.

2.1 Omne-photon Water Splitting

2 H

- N ]_ - I-_I"II-:P;tential

BO +2 |-|+’ 0,/H,0 Potential
H,O

O2 and H2 evolution
photocatalyst

Figure 2.1: One-photon water splitting scheme. One photon creates an electron-hole pair
that evolves oxygen and hydrogen from water.

Since the discovery of TiO2 as a light harvesting material and its use in a photo-
electrochemical (PEC) cell,® several devices for water splitting have been studied. The

13
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basic PEC device uses a single material to collect the light and to run the reactions
that simultaneously produce hydrogen and oxygen from water. Since only one photon
is required, this process is usually called one-photon (or overall) water splitting.

The one-photon water splitting process is schematized in Fig. 2.1: firstly a single
photon creates an electron-hole pair. Subsequently the electron and the hole reach
two different regions of the surface, and then evolve hydrogen and oxygen, respectively.
An ideal material to carry out this process should fulfill several requisites, namely (i)
chemical and structural stability, (ii) bandgap that allows a significant use of the solar
spectrum, (iii) band edges straddling with the oxygen and hydrogen evolution potentials,
and (iv) high mobility to avoid recombination.

A light harvester with a large bandgap, for example in the UV part of the solar
spectrum, like TiOg, will collect only few percents of the spectrum corresponding to
the photons at a higher energy. Thus, it does not fulfill criterion (ii) from above. The
theoretical efficiency, given by the amount of photon collected and considering that each
photon generates an electron-hole pair, is further reduced during the process because of
the engineering of the device. It is thus natural to look for a smaller bandgap, typically
in the visible range, that provides a higher theoretical efficiency. In fact, the bandgap
should not be too small: the lower limit is defined by the bare energy required to split
water (1.23 eV) plus an additional energy required to overcome the overpotential for
the oxygen and hydrogen evolution processes*® and to compensate for the positions
of the quasi Fermi levels within the bandgaps.*® In summary, the bandgap should be
large enough to run the water splitting reactions and in the same time small enough to
provide a good efficiency. This can be mainly accomplished in the visible part of the
solar spectrum between 1.5 and 3 eV.

2.2 Computational Screening

The screening for new materials is based on properties (i), (ii), and (iii) mentioned
above, namely the search for stable materials with optimal, well positioned, bandgaps.
From the theoretical point of view, each material under investigation requires a stability
analysis, the evaluation of the size of the bandgap, and of the position of the band edges.
The method described in the following sections is used for the screenings throughout all
this thesis.

2.2.1 Stability

FEach material investigated in the screening is fully optimized. The optimization has
been done in three steps: (i) a relaxation of the lattice parameters, (ii) an optimization
of the internal degrees of freedom and (iii) a second relaxation of the lattices. At
this point, most of the structures do not require further iterations. The optimized
structures have a level of accuracy good enough compared to the available experimental
data to be used for calculating the energy and the bandgap. For the relaxations and
the calculation of the stabilities, a standard DFT-GGA exchange-correlation functional
(RPBE-approximation?”) has been used.

The simplest way to evaluate the stability of a compound is to calculate its atom-
ization energy, i.e. the energy difference between the material and its constituents in
their standard state. In the screening process, the stability is obtained using a more
accurate scheme. In fact, the total energy of each compound is compared, using a
linear programming algorithm (LP), with a pool of reference systems, rather than the
standard states, to determine whether the material is stable or not. This method has
been used for example for obtaining effective cluster interactions,*” and for predic-
tion of thermodynamically reversible hydrogen storage reactions.*® For each chemical
element, M, the pool of references include the most stable, single-metal bulk (M,), ox-
ide (M;Oy), nitride (M;N,), sulfide (M,S,), fluoride (M,F,), oxynitride (M;N,O,),
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oxysulfide (M;S,0.), and oxyfluoride (M,F,O.), and the most stable, bi-metal ox-
ide (M;M?0.), nitride (M;MZN.), sulfide (M}M?S.), fluoride (M}MZF.), oxynitride
(M}M2N.Og), and oxyfluoride (MJM2F.O}) as available in the experimental ICSD
database®® and from the Materials Project database!® for a total of around 500 refer-
ence systems. The chemical potentials for nitrogen, sulfur and fluorine have been taken
from the standard references in the gas phase (Ng, Sg, and Fs). The chemical potential
for oxygen refers to water in the gas phase, and the oxygen reference has been calcu-
lated as the energy difference between water and hydrogen molecule (H2O-Hs) in the
gas phase. This choice is also supported by the fact that the candidate has to work in
an aqueous environment since the presence of a water film is a necessary condition to
run the water splitting reaction because it increases the mobility of the H ions.%°

For example, the ABON; cubic perovskite is considered stable when the difference
between its DFT energy and the most favorable outcome from the LP, AFE, is below
0.2 eV /atom. There are two main reasons to take this positive threshold for the stability:
(i) DFT accuracy is around this value,?! and (ii) some materials can be metastable. The
energy difference, AFE is

AE = ABONy(s) +
Iréin(clA (8) + 2B (8) + c3A4500, (8) + ¢4Bp,, 0o, (s) +

+  ¢5A4; N, Oo, (8) 4+ ¢6BbgNngOog (8) + c7A8, Ni, (s) +
+  c8BbgNug (8) + c9AagBby O, (8) + c10Aa,,Bbyo Nuy, (8) +
+ 110 +c12Ng) , (2.1)
with the condition
¢ >0, (2.2)

that ensures that only the references containing A, B, N, or O are used as references.
The correct stoichiometry of ABONj is obtained by imposing the following constrains:

Zciaizl, Zcib¢=17
ZCiOi =1 s Zcmi =2. (23)

2.2.2 Evaluation of the Bandgap

As described in the previous chapter, reliable calculations of the bandgaps require a den-
sity functional beyond GGA. The GLLB-SC potential®>*4? has been used for calculating
the bandgaps once the structures have been optimized.

The bandgaps obtained using the GLLB-SC potential have been compared with
other methods, like LDA, GW, and experiments, for semiconductors and insulators*?:42
(Table 1.1) and for molecules.”® Fig. 2.2 compares the magnitudes of the GLLB-SC
bandgaps of a selection of non-magnetic metal oxides with different structures with the
experimental values. The obtained absolute deviation of 0.5 eV is sufficiently accurate
for the screening study. A similar result has been obtained also in the cases of bi-metal
bulk systems, while for molecules GW gives significantly better results. The GLLB-SC
gives results comparable to the one obtained with many-body perturbation techniques
such as the GW approximation, but with a significantly lower computational cost. This
is very important in a screening project that involves several thousands of calculations
where the optimal balance between accuracy and computational cost should be pursued.

2.2.3 Calculation of the Band Edges

To evolve hydrogen and oxygen, the band edges of the compound have to straddle
with the red-ox levels of water. Although some methods have been proposed,®® 54 it

15



Chapter 2. Cubic Perovskites for One-photon Water Splitting

I T T T T T I |/
L o]
///
10 o -
7
L 4 i
//
/7
8+ B ( 2 —
GLLB-SC gap—, e N
— - ‘., i
2 2
= 6 7 A _
) 7’
s //
15 r ., ]
= °® s A
I L ° 4 A _
4 ( I at
_ 7 _
A
oL v _
e AAAAA
L ? oA i
2 PBEsol gap
04" —
e SRl EE A R H B
0 2 4 6 8 10

Experimental [eV]

Figure 2.2: Comparison between the calculated and experimental bandgap of non-magnetic
metal oxides in their most stable structure. The gaps are calculated using both the standard
PBEsol (blue triangles) and the GLLB-SC functional (red circles). The dashed line represent
the perfect matching between experiments and theory.

is theoretically complicated and computationally expensive, especially for a screening
study, to calculate the positions of the band edges using DFT because it requires the
investigation of one or more surfaces, and of the role of the pH of the environment and
of the water molecules present on the surface. The estimation of the positions of the
band edges has been done using an empirical formula based on the electronegativity of
the chemical elements and on the size of the bandgap.>®: %6

According to this formula the center of the bandgap for a material is given by
the geometrical average of the electronegativities in the Mulliken scale*, xm,, of its
constituent atoms, M;; the positions of the valence and conduction band edges, Fyg, cB,
are then obtained adding or subtracting half of the gap. This approximation does not
include the effects due to the interactions between the atoms and any surface effect. For
example, for the ABON; perovskite, the positions of the valence and conduction band
are given by

EVB, CB = EO + (XAXBXOX2N)1/5 =+ Egap/2 ) (24)
where Ej is the difference between the normal hydrogen electrode (NHE) and the vac-
uum (Ep = —4.5 ¢V). Fig. 2.3 shows the comparison between the calculated and mea-

sured conduction band edge potential for a set of metal oxides and sulfides.”® The
calculated edges are usually within an error of 0.5 eV compared with the experimental
values.

2.2.4 Crystal Periodic Structure

In nature there are countless known crystal structures with different stoichiometries and
chemical elements. Thus, it is necessary to choose an appropriate structure to investigate

*In the scale proposed by Mulliken, the tendency of an atom to attract electrons, x, is calculated as
the arithmetic average between the electron affinity, A, and the first ionization potential, I:

X=(A+1)/2.
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Figure 2.3: Comparison between the empirical and experimental conduction band edges. The
solid line represent the perfect agreement between experiments and theory. Figure taken from
Xu et al.’®

and a set of chemical elements to use. Within the class of mixed oxides, the perovskite
structure has been chosen for the screening procedure described in this chapter. Per-
ovskites are experimentally well known for their variety of chemical compositions, and
properties, like magnetism, ferroelectricity, superconductivity, and as (photo-)catalytic
materials.®” The ideal perovskite has a cubic structure with general formula ABO3
(space group Pm3m), shown in Fig. 2.4C. It has the highest symmetry among all the
existing perovskites and it can be described with a 5 atoms unit cell. There are also
perovskites of lower symmetries (e.g. tetragonal, orthorhombic or monoclinic). A lower
symmetry structure requires a more complex description of the unit cell (20 atoms for
the tetragonal and the orthorhombic phase and 40 for the monoclinic). A change in
the symmetry is also correlated to a change of the electronic and optical properties.
Perovskite is a very flexible structure because almost all the metals of the periodic table
can occupy one of the its sites. All these reasons make the perovskite one of the ideal
structures to be used in the screening project.

The cubic perovskite, shown in Fig. 2.4C, contains 3 anions and 2 metals, a large
12-coordinated cation in the A site and a small 6-coordinated cation at the B site. All
the angles of the unit cell are 90° and all the lattice vectors are equal. Many different
combination of cation charges, e.g. 1+ 5, 2+ 4, and 3 + 3, are experimentally known
to form a perovskite. Around 19000 materials have been studied in the screening by
combining 52 non-radioactive metals of the periodic table with various anions, namely
O3, O3N, ON,, N3, O3S, OgF, and ONF. The screening can also be guided using
the tolerance and octahedral factors. These empirical factors are based on the size of
the ionic radii, and indicate the degree of stability and distortion of structures. The
tolerance, or Goldschmidt’s factor, ¢, for the ABOg3 structure is defined as

f—_ratro 925

\/i(TB + To) ’ ( )

where 74, g, and ro are respectively the ionic radius of the A- and B-ion and oxygen.
For other stoichiometries, ro is replaced by the weighted average of the ionic radii of
the 3 anions. The perovskite-like compounds have, in general, a tolerance factor in a
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Figure 2.4: (A) Calculated heat of formations following the definitions in Egs. 2.1 - 2.3 (in
eV /atom) and bandgaps (in €V) of perovskite binary metal oxides. (B) Each square represents
an ABOjs combination with the lower, left triangle showing the formation energy with red
indicating stability (and blue instability) while the upper, right triangle showing the bandgap
with red indicating an advantageous bandgap in the visible light range 1.5-3.0 eV. The chemical
elements are sorted for increasing electronegativity. The unit cell of the cubic perovskite
structure is shown in (C).

range between 0.8 and 1.1, and the cubic between 0.9 and 1.0 (some exceptions have
been found®”). The octahedral factor is defined as the ratio between rg an ro and for
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Figure 2.5: Band edge position evaluated for the ABOg3 stable perovskites showing a bandgap
between 1.5 and 3.0 eV. In the figure, the band edge position for the indirect and direct gap
are indicated in red and black, respectively. The red-ox levels of water are also included.

the cubic perovskite is close to v/2. Although these factors are useful to reduce the vast
space of possible combinations and thus to reduce the computational time, they have
not been used in the screening. The tolerance factor will be used in Chapter 6 combined
with an evolutionary algorithm to guide the search for new materials.

2.3 Cubic Perovskite Candidates

Fig. 2.4A reports the formation energies and bandgaps for the investigated oxides, each
square correspond to an ABOg3 combination. As shown in Fig. 2.4B, the square is split
into two triangles, the lower-left indicates the stability (red is stable); the upper-right
the bandgap. The pure chemical elements are sorted according to their electronegativity
(increasing order).

The factors determining the stability of a compound are three: (i) the radii of the
A- and B-ion have to be in reasonable proportions, following the tolerance and the
octahedral factors, (ii) the sum of the possible oxidation numbers of the two metals has
to match with the sum of the ones coming from the anions, 6 in the particular case of
oxo-perovskites, i.e. with formula ABOj3, (iii) low-electronegativity elements form more
stable bonds with oxygen, especially in the case of the A-ion since of the nonequivalence
of the two ions position and of their different coordination numbers.

The second important designing criterion is the size of the bandgap, which is re-
quired to be between 1.5 and 3.0 eV. The bandgaps range from 0 to almost 8 eV. When
the bandgap is in the desired region the corresponding triangle is colored in red. The
combinations fulfilling both the criteria about stability and bandgap are thus indicated
with red squares. The bandgap can be tuned by substituting the elements in the compo-
sition. In fact, by adjusting the size of the A-ion and thus increasing the crystallographic
symmetry or by increasing the electronegativity of the B-ion, it is possible to decrease
the size the bandgap.®®

Fig. 2.5 shows the positions of the band edges, calculated using Eq. 2.4, for the
ABOj stable combinations with a bandgap (direct or indirect) in the visible range. Ten
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Figure 2.6: Correlation between bandgap and heat of formation for the cubic perovskites
under investigation. The figure includes only the compounds with a gap (> 0.2 eV). The
threshold of 0.2 eV /atom for the heat of formation is also displayed.

of these materials have the band edges that match with the red-ox levels of water and are
thus suitable for being used in a water splitting device. Although the screening predicts
some of the cubic perovskites to be stable, there are experiments revealing that they
exist in other crystallographic phases. This is the case of SrSnO3 and CaSnOg that are
known in the orthorhombic perovskite phase and have a bandgap in the UV region in
their most stable structure. By contrast, AgNbO3 and BaSnOg3 have been synthesized
experimentally in the cubic phase are the only two compounds of the list to exist, at
the moment, in the cubic perovskite structure. AgNbOg is well-known in the water
splitting community to split water in visible light in the presence of sacrificial reagents”
while BaSnO3 does not work due to defect-assisted recombination.’® No experimental
data are available for the other 6 compounds.

Relaxing the criterion on the bandgap, the screening finds ten materials, like AgTaOg3
and SrTiOgz, that have a bandgap between 3 and 4 eV and that can be used to split
water in UV light.

Because of the large quantity of experimental data, the oxo-perovskites work like
a test-ground for the screening. The screening has pointed out the only two cubic
perovskites known in the water splitting community (AgNbOs and BaSnO3). Thus, the
screening process performs well in the case of the oxo-perovskites, and can be extended
to other perovskites with different anions.

One of the major issues with the oxides is that the bandgaps are usually large, outside
the visible range region, and the band edges are too deep in position with respect to the
red-ox levels of water. On the other side, the oxides are well known for their stability
and this is a crucial criterion for design new materials.

The correlation between the formation energies and the bandgaps for the datasets
under investigation is shown in Fig. 2.6. A wider bandgap is seen to correspond to
a higher stability for all the sets of data even if stable zero-gap compound has been
synthesized.

Nitrogen is the most natural element for replacing oxygen because of the similar
atomic radii. For the screening criteria, the reduction in stability, more evident with
the increase of the nitrogen/oxygen ratio, is balanced by a general reduction in the
width of the bandgaps and a shifting up in the valence band positions both due to the
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Figure 2.7: Materials identified as candidates for the photocatalytic water splitting device.
The calculated band edges are in black for the direct and in red for the indirect gap. The levels
for hydrogen and oxygen evolution are also included.

lower electronegativity of nitrogen compared with oxygen. In fact, the valence band
(VB) edge of the oxynitrides is usually dominated by N p-orbitals which are higher in
energy than the O p-orbitals, that mainly compose the VB of the oxides.

Sulfur has an electronegativity similar to the one of nitrogen, and has the same
charge of oxygen, although it has a larger radius. The bandgaps have a similar size of
the ones for the oxynitrides and they are well positioned compared to the red-ox levels
of water, but the larger radius has a detrimental effect of reducing the stabilities because
of distortions introduced into the structures. No stable oxysulfides have been found, as
shown in Fig. 2.6.

Fluorine is more electronegative than oxygen with a slightly smaller radius. The
former has the effect of increasing the bandgaps relative to the ones for the oxides
(Fig. 2.6) and the latter of reducing the stability.

Inspired by a nitrogen and fluorine co-doping in TiO, that is effective for water
oxidation,®® the ABONF class has been studied. The bandgaps are comparable with
ones of the oxynitrides, but the cell is highly distorted and the heats of formation are
above 0.2 eV.

The candidates for one-photon water splitting in the cubic perovskite structure are
shown in Fig. 2.7. 20 materials have been found. 10 of those are oxides and have been
described previously. Out of the remaining 10, 7 are oxynitrides (5 with general formula
ABO;3N and 2 with ABON; stoichiometry) and 3 oxyfluorides (ABO3F). Five oxyni-
trides are already experimentally known (BaTaOsN, SrTaO3;N, CaTaO2N, LaTiO3N,
and LaTaONy) with a good performance for hydrogen evolution.® %' No other oxyni-
trides are known to be able to split water. MgTaOsN, YTaONs, and all the oxyfluorides
have not yet been synthesized and are susceptible to be experimentally investigated.

The materials identified as candidates have also been investigated using a many-
body method.’> GoWj calculations within the plasmon pole approximation®? have
been performed starting from the electron densities obtained using LDA. Fig. 2.8 shows
the values of the bandgaps calculated with different methods (LDA, GLLB-SC, and
GoWy). As expected, LDA seriously underestimates the bandgaps, while the agreement
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Figure 2.8: The bandgaps of the identified materials of Fig. 2.7 calculated with LDA (in
black), GLLB-SC (in blue) and GoWy (in red). The figure shows a good agreement between
the bandgaps calculated with the GLLB-SC functional and GoWy. The agreement is perfect
for LiVO3 and BaTaO»sN.

between GLLB-SC and GoWo@QLDA is fairly good. The mean absolute error’ of GLLB-
SC compared with GoWj is around 0.35 eV. The computational cost of a GLLB-SC
calculation is significantly smaller compared to the one required by GoWq (at least
one order of magnitude). Even if GoWy is considered more reliable in evaluating the
bandgaps, its high cost makes it unaffordable for a computational screening. On the
other hand, it can be used in a more exhaustive study of selected materials.

A parameter not taken into account in the screening is the electron-hole mobility.
After the electron-hole pair is formed, the electron and the hole need to reach the surface
to evolve hydrogen and oxygen. This depends on the mobility and is correlated to the
effective masses of the electron and of the hole. Only a posteriori investigation of the
effective masses for the materials resulting from the screening have been performed
since, at the moment, there is no clear indication of when the mass is considered too
heavy.

The effective mass m™* is the inverse of the second derivative of the energy band with
respect to two orientation, ¢ and j in reciprocal space evaluated at the LUMO (HOMO)

TThe Mean Absolute Error (MAE) is defined as:

1 GLLB-SC GoW,
MAE = ~ Z |ESL — ESoWol . (2.6)
n

22



2.3 Cubic Perovskite Candidates

10

M*/m
T T IIIIII|
1 | IIIIII|

0.1

min

10

| M*
T T T TITT]
Lol

max

Figure 2.9: Average effective masses obtained using Eq. 2.7 (upper panel) and ratio between
the highest and lowest effective masses for the candidates for one-photon water splitting of
Fig. 2.7. A very high anisotropy between the masses in different directions is indicated by an
upper arrow. The materials known to be able to split water are shown in the green area, while
in the orange area the material known to not work as photocatalyst.

for the electron (hole)*. Mathematically, it is written as:

9% \ "
* _ 32
m* =h <8ki8k’j> , (2.7

Because of the similar character of the conduction bands, the LUMO of all the
candidates is at the Gamma-point, I' = (0,0,0). The HOMO depends strongly on
the different metals and anions in the material. The HOMO can be at different high
symmetry points: R = (1/2,1/2,1/2) and at My, = (1/2,0,1/2) or My, = (1/2,1/2,0) for
the oxides, I" and R for the oxynitrides and oxyfluorides.

The effective masses are shown in Fig. 2.9. The oxides have, in general, a very light
electron mass, while the hole masses are one order of magnitude heavier, i.e. above 1 m,.
The two masses are more similar, with values between 0.5 and 1 me, for the oxynitrides
(the hole masses are lighter than the ones of the oxides). The electron masses of the
oxyfluorides are of the same order of magnitude as the ones of the oxynitrides, but the
holes are heavier. The materials known to work in a photocatalytic device are shown,
in the figure, in the green region. For these materials, in general, the electron and
hole masses are similar. It might be that two very different masses are not a good

IThe effective mass is a 3z3 matrix with eigenvalues depending on the coordinate system, but the
trace of the mass matrix, used in the upper panel of Fig. 2.9, defined as

11 1+1+1
M= 3\ mi mi omg)’

is a unique number independent of the orientation
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Figure 2.10: Example of a search in CMR for ABON; perovskites able to split water.

combination because it would be difficult to avoid a fast electron-hole recombination
and to keep the neutral charge of the compound when the holes work as a trap.

The ratio between the highest and lowest values of the electron and hole masses is
shown in the lower panel of Fig. 2.9. Mainly the masses are anisotropic except for the
oxides with the HOMO at the R-point. The anisotropy has its origin in a flatband in
at least one direction at the HOMO (LUMO). This properties could be potentially used
for designing water splitting devices. In a pillared photocatalytic device, for example,
the “long” direction can be used for efficient harvesting of the light and the “short” one
by the electrons and holes to reach the surfaces.

2.4 The Computational Materials Repository

When an enormous amount of data is generated, it is crucial to have an efficient way
to store and to analyze the data. The Computational Materials Repository (CMR)%3-64
has been developed for these reasons.

An example of a search in the CMR database for a ABONy perovskite working in
photocatalytic water splitting device is shown in Fig. 2.10. LaTaONy and YTaONy, as
also indicated in Fig. 2.7, are the only two materials fulfilling the designing criteria.

2.5 Summary
A screening technique is an efficient way to discover new materials. This approach has

been applied to around 19000 cubic perovskites with the goal of finding new light har-
vesters for water splitting. The method is based on the calculation of the bandgaps using
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2.5 Summary

a recently implemented exchange-correlation functional that gives reliable results at low
computational cost. 20 materials result from the screening: 10 oxides, 7 oxynitrides,
and 3 oxyfluorides. Few of them are already known in the water splitting community
while the others require a more detailed theoretical and experimental investigation.

It has been necessary to develop a database, called Computational Materials Repos-
itory, to have an easy access to the data.

The testing of the proposed materials is also desirable. Dionigi et al. have recently
used p-reactors to investigate the one-photon water splitting activity in water vapor
of GaN:ZnO, loaded with Rhy_,Cr,O3 as co-catalyst.’® The pu-reactor consist of a
silicon chip with a reaction chamber of 240 nl where the powder of the material to
test is deposited. The evolution of O, and Hs is then detected. This approach allows
the study of new materials in a reasonable time and with low expenses, once that the
candidate has been synthesized.

A limitation of the study is the focus on only one single crystal structure. In the fu-
ture, it might be necessary to combine the screening approach with structure prediction
techniques to overcome the limitations imposed by the selection of a crystal structure.
Only a part of the problems related to the water splitting device has been taken into
account here. For example, the role of the electron-hole mobility or the use of a co-
catalyst to minimize the overpotentials and thus the energy loss in the reactions®® have
not been investigated.
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Chapter 3

Two-photon Water Splitting and
Transparent Protecting Shield

In this chapter, based on Paper II, the screening approach has been applied to find new
materials to split water using two photons and for designing a protecting transparent
layer against corrosion for the photoanode and photocathode. The crystal structure
under investigation is still the cubic perovskite, already subject of the previous chapter.

3.1 Two-photon Water Splitting

H*I H, Potential

H, evolution
photocatalyst

+ 0,/H,0 Potential
%0, +2H ’
H,0

O, evolution
photocatalyst

Figure 3.1: Two-photon water splitting scheme. Two photons and two semiconductors are
required to run the water splitting reactions.

A good conversion efficiency is required to use a material in the daily life to trans-
form solar light into energy. Unfortunately, the one-photon water splitting process,
described in Chapter 2, can accomplish an ideal efficiency of only 7%.46 This efficiency
is comparable with the efficiency of the dye-sensitized and organic solar cell, that is
around 10% including all the losses, but it is way lower than the efficiency for the latest
multi-junction photovoltaic cells that have an efficiency of around 45%. This fact re-
duces the possibility of a massive use of a one-photon water splitting device to produce
energy. The same idea behind the multi-junction cells, where several materials are used
to collect different ranges of the solar spectrum, can be also used for a multi-photon
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Figure 3.2: Sketch of the electronic levels in the two-photon water splitting device. Due to the
required overpotentials and of the positions of the quasi Fermi levels the minimal requirement
for the sum of the two bandgaps is 2.8 eV.

water splitting device. In this cell, two photons and two different semiconductors are
required and the water splitting is divided into the two-step mechanism%% 67 shown in
Fig. 3.1: the solar light meets first the larger bandgap semiconductor that absorbs the
part of the spectrum at higher energy, while the one at lower energy goes through and
is partially absorbed by the second semiconductor with a smaller bandgap. One mate-
rial works as a photoanode and evolves hydrogen and the other as a photocathode and
evolves oxygen.

The requirements for this device are similar to the ones for the one-photon water
splitting, namely the materials should be stable with appropriate bandgaps well po-
sitioned with respect to the red-ox levels of water. In addition to these, to keep the
charge neutrality of the two photocatalysts, the electron generated by the anode that
oxidizes water should be higher in energy than the hole generated by the cathode where
the reduction of 2H™ to H, takes place.

In the one-photon water splitting device, the lower limit in the size of the bandgaps
has been set to 1.5 €V, considering the bare energy required to split water (1.23 eV)
plus an additional 0.3 eV to account for the overpotentials. In the two-photon device, it
is necessary to include also other effects, shown in Fig. 3.2: starting from the minimum
energy required to split water, an additional energy of 0.5 €V is required to overcome the
overpotential (0.1 and 0.4 eV for the hydrogen and oxygen evolution, respectively®®).
Other 0.5 eV per semiconductor are required to compensate for the positions of the quasi
Fermi levels within the bandgaps. When the process is running, the electrons and holes
are in a non-equilibrium distribution described by quasi Fermi levels that correspond
to the work that the electrons and holes can do. 0.1 eV is required for electron transfer
between the semiconductors. This brings the lower limit for the sum of the two bandgaps
to 2.8 eV. This does not take into consideration the problem related to the band bending
necessary for the separation of electrons and holes that, for example, can be solved by
doping of the semiconductors and by the pn-junction.*?

There are infinite ways to combine two bandgaps to obtain the lower limit of 2.8 eV.
The ideal efficiency of the two-photon water splitting device as a function of the size
of the two bandgaps is shown in Fig. 3.3. The maximum efficiency (in purple in the
figure) is obtained when the two semiconductors absorb the same amount of photons.
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Figure 3.3: Ideal efficiency of the two-photon water splitting without any losses using the
spectral distribution of the solar photon flux at AM1.5G. The black line is the minimum
combination of gap for running the reactions and the purple line corresponds to the highest
efficiency achievable once the Hy photocatalyst is chosen. The blue line corresponds to the
experimental bandgap of silicon. The numbers in the contour plot indicate the ideal efficiency.

The 2.8 eV limit is indicated by a black line. The maximum efficiency, around 27%,
is obtained combining two bandgaps with sizes 1.7 and 1.1 eV. Silicon is a perfect
candidate to be used for the hydrogen evolution. It is a 1.1 €V semiconductor (the
bandgap calculated using the GLLB-SC potential is 1.2 V), with the conduction band
edge well positioned with respect to the hydrogen potential. It is also a well known
material with an advanced fabrication technology and it works well with non-noble
hydrogen evolution catalysts.5?
The screening criteria are:

Screening parameters Two-photon WS
Chemical/structural AE <0.2eV
stability (AE)
Bandgap (Fgap) 1.3 < Egap <3.0eV
Band edges VBgiede > 1.23 ¢V w.r.t. NHE
(P Chc) g <0 oy i
VBedg;e <CBedg;e

where the search window for the bandgaps has been broadened from 1.7 to 1.3 €V to
account for inaccuracy of the GLLB-SC bandgap calculations.
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Figure 3.4: The candidates for the two-photon water splitting device not yet included in
Fig. 2.7. The band edges for the direct (black) and indirect (red) gaps are indicated. The
calculated valence band for silicon is also included.

All the compositions shown in Fig. 2.7 for the one-photon water splitting device
can also be used in the two-photon device. The oxynitrides, that are seen to evolve
hydrogen or oxygen in the presence of a sacrificial agent,® can be used instead of silicon
for the hydrogen evolution. In this case, due to the bandgaps that are way larger than
1.1 eV, the best performance is obtained by swapping the two semiconductors of Fig. 3.1:
the part of the solar spectrum at higher energy is absorbed by the hydrogen evolution
photocatalyst and the part at lower energy goes through and is absorbed by the oxygen
evolution photocatalyst.

The 12 additional candidates for oxygen evolution are presented in Fig. 3.4. Some
of the niobates oxynitride (CaNbO3sN, STNbO;N, BaNbO;N, and LaNbON;) have re-
cently been synthesized.”™® CaNbO3N gives the best performance both in terms of water
oxidation and reduction with sacrificial agents. STNbO2N is seen to evolve Og, while no
activity has been detected for the other two oxynitrides, where the bandgap is probably
to small to overcome the overpotentials. The other proposed materials have not been
experimentally investigated.

TINbOg is the only material that could potentially be used for oxygen evolution in
combination with a hydrogen evolution photocatalyst with a lower valence band than
silicon (like the tantalate or niobate oxynitrides). Because of the positions of the band
edges, no candidates for Ho evolution have been found. In fact, all the materials found
for Hy evolution can be also used for Os evolution.

3.2 Transparent Shielding

Photocorrosion is a common issue related to the use of materials for oxygen and hydrogen
production. A solution is to find a high stable material to cover the photocatalyst as
a protecting shield. The correlation between large bandgap and high stability, shown
in Fig. 2.6, can help in finding a solution to this problem. In fact, the thin protecting
film has to be transparent to let the light go through without reducing the efficiency
of the photocatalyst. A bandgap larger than 3 eV is thus one of the screening criteria.
Excluding tunneling mechanisms,” the shielding can be obtained in two ways.
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3.2 Transparent Shielding

3.2.1 Transparent Shielding - Mechanism I
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Figure 3.5: Scheme of the transparent shielding of the photoanode in a two-photon water
splitting cell.

Fig. 3.5 illustrates the shielding of the photoanode in a two-photon water splitting
device, but the principle is also valid for the one-photon scheme. The thin film is
transparent to the visible light that goes through and is later collected by the two
photocatalysts. Hydrogen is then evolved by the electron at higher energy, and the hole
at lower energy moves to the transparent film valence band and evolves oxygen. The
valence band of the shield needs to be between the valence band of the photocatalyst
and the oxygen evolution potential. The same idea can be used to develop a shield to
protect the photocathode, where now the electron at higher energy has to move to the
conduction band of the shield before evolving hydrogen.”? This mechanism has some
losses due to the energy, usually < 0.5 eV, required by the electrons or by the holes to
reach the reacting regions.

The parameters used in the screening are:

Screening parameters Transparent Shield (TS)
Chemical /structural AFE <0.2 eV
stability (AE)
Bandgap (Egap) EJIr >3 eV
Band edges Photoanode TS: 1.7 <VBeqge < 2.5 €V w.r.t NHE
(VBedge, CBedge) Photocathode TS: —0.7 <CBegge < 0 €V w.r.t. NHE

where the criteria on the positions of the band edges take into account the inaccuracy
both in the bandgaps and in the positions of the band edges.

Eight compounds have been screened for a possible use as transparent shield of the
photoanode (Fig. 3.6a). Only oxides and oxyfluorides have been found due to the large
bandgap required. SrSnQO3, CaSnOg are experimentally known in a distorted perovskite
structure with bandgaps larger than the ones predicted. SrTiOgz is well known in the
cubic perovskite structure, is a material used for water splitting under UV light, and
has all the requirements for being used as a transparent shield in a visible-light device.

Nine candidates have been proposed for protecting the cathode (Fig. 3.6b). AgNbOs
is already known as a good photocatalyst and it can also be used as a protecting shield
because of its direct bandgap larger that 3 eV, while its indirect bandgap is in the visible
part of the solar spectrum. AgTaOgz and KTiOsF are already experimentally known in
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Figure 3.6: The materials proposed to be used as protecting shield for the (a) photoanode
and for the (b) photocathode.

the perovskite structure. RbTiOsF and BalnOsF can be used as a transparent shield
for both the cathode and the anode.

All the other compounds (5 for the anode and 6 for the cathode) are currently
unknown.

3.2.2 Transparent Shielding - Mechanism II
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(a) The light starts shining (b) Hydrogen is evolving

Figure 3.7: Scheme of the transparent shielding of the photocathode in a two-photon water
splitting cell. (a): The energy of the electrons in the conduction band of the thin film is below
the hydrogen evolution potential. (b): Once that the bottom of the conduction band of the
shield is filled, the electrons are at an higher energy than the hydrogen potential and thus Ho
is evolved.

Another way of protecting the photocatalyst is shown in Fig. 3.7 for the shield of
the photocathode. The conduction band of the transparent film is below the hydrogen
evolution potential. When the light start shining, the generated electrons move from
the photocatalyst to the thin film at an energy below the hydrogen evolution potential
and no hydrogen is produced (Fig. 3.7a). After some time, the bottom of the conduction
band of the thin film is filled and the new electrons moving from the cathode to the
film have enough energy to run the reaction (Fig. 3.7b). In this mechanics there are less
losses compared to the one proposed before where the conduction band of the shield was
placed between the conduction band of the cathode and the hydrogen evolution potential
to have the electrons moving from the place where they are generated (photocathode)
to where they react (shield). On the other hand, the hydrogen evolution requires some
time before it starts, since it is required that the bottom of the conduction band of the
thin film is filled up to the hydrogen evolution potential.
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3.3 Summary

The criteria on the stability and on the bandgap are the same as in the mechanism
I. The criterion on the position of the conduction band is:

— 0.2 < CBedge < 0.5 ¢V w.r.t. NHE ,

where the lower limit of —0.2 eV takes into account the overpotential for hydrogen.

Only three materials fulfill the screening criteria: AgNbOg3, PbGaOsF, and AgTiOF.
The first two can also be used in the mechanism I and have already been described.
AgTiO5F has the indirect conduction band edge placed below the hydrogen evolution
potential and is experimentally unknown.

The same idea can be applied to the photoanode and to its shield. Mainly due to the
presence of oxygen in the composition of the material and in the desired large bandgap,
the valence band edges of the investigated compounds are too deep in energy and no
candidates are found.

3.3 Summary

The screening approach has been applied to the problem of the two-photon water split-
ting and transparent shielding of the photocatalyst. 12 perovskites, plus 20 found for
the one-photon water splitting device, can be used in combination with silicon to split
water using two photons. 9 plus 9 materials have the potential to be used as protecting
shield against corrosion for the oxygen and the hydrogen evolution reactions, respec-
tively. Few of these materials are already known in the water splitting community, but
several comprise new suggestions that require further investigation.
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Chapter 4

Corrosion Analysis of Cubic
Perovskites for Water Splitting

The first, most important requirement for a material to be used in real life is stability.
The stability requirements depend on the application and might be more or less restric-
tive depending on the conditions under which a material has to work. This chapter,
based on Paper V, analyses the (photo-)corrosion problem for the materials previously
screened with potential for the one-photon water splitting device.

4.1 The Pourbaix Diagrams

In Chapters 2 and 3, the stability of a material has been investigated with respect to
experimentally known solid substances. In practice, a material was considered stable
if the difference between its total energy and the energetically most favorable linear
combination of the energies of its possible constituents was below 0.2 eV /atom. The
dissolution of materials in aqueous solutions was not included in the analysis. The
dissolution is, in general, described by the reaction:

R+ wHy0 = pP + hHT +ne™ , (4.1)

where R and P indicate reactants and products, and H, and e~ a dissolved proton and
a free electron at the Fermi level of the material, respectively. The equilibrium of (4.1)
is calculated using the Nernst equation:

(ap)? (an+)"

nU = AG + 0.0591 log (ar) (amo )
rR)"(aH,0

(4.2)

where U is the electrochemical potential, AG the standard free energy of the reaction
(in eV), and a; the concentration of the involved species. The coefficient 0.0591 equals
RTIn(10) at room temperature (T = 25°C). For diluted solutions, am,0 = 1 and, by
definition, pH = —log ay+, and Eq. 4.2 becomes:

(ap)?

nU = AG + 0.0591 log (an)"
R

—0.0591% pH . (4.3)

This equation is used to draw stability diagrams, so-called Pourbaix diagrams, of ma-
terials as a function of the concentration of ions H™ (pH, on the z-axis) and of the
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Chapter 4. Corrosion Analysis of Cubic Perovskites for Water Splitting

potential U (along the y-axis). The concentrations of all other involved ions are usually
assumed to be 1076 M.

Each region in a Pourbaix diagram is delimited by straight lines representing different
equilibrium reactions. There are three kinds of lines:"

e Vertical lines: the equilibrium is independent of the potential and the reaction
involves solid and dissolved substances with hydrogen ions but without free elec-
trons.

o Horizontal lines: the equilibrium is independent of the pH and the reaction involves
solid and dissolved substances with free electrons but without hydrogen ions.

o Straight lines with a slope equal to 0.0591h/n: the reaction involves solid and
dissolved substances with free electrons and hydrogen ions as in reaction 4.1.

A calculated Pourbaix diagram combines computational and experimental informa-
tion. The computational data are provided through DFT in the form of total energies
of bulk materials, and the experimental data are usually dissolution energies.”7® A
similar scheme has recently been used by Persson et al.”® to calculate the Pourbaix
diagrams of several oxides and nitrides. In Chapters. 2 and 3, the reference energy for
oxygen was given at the chemical potential of water. Here, the chemical potential of
oxygen is defined to be at oxygen standard state, i.e. the oxygen molecule in the gas
phase. This choice is supported by the fact that the photo-generated oxygen will be at
the chemical potential of water only if hydrogen is present at high enough pressure that
it can react with oxygen and form water. The formation of water can be suppressed
by the use of a co-catalyst”” that helps in separating the charges, so that the oxygen
and hydrogen evolution happens in two different regions of a semiconductor. In addi-
tion, by convention, the Pourbaix diagrams are drawn with all the chemical elements in
their standard states. With this choice, 23 cubic perovskites are found to be candidates
for one-photon water splitting (MgSnOs, LiSbOs, and SrInO5F in addition to the 20
described earlier).

4.2 Cubic Perovskites

The method of combining experimental and calculated data in Pourbaix diagrams has
been validated for TiOs and ZnO in Paper V. Only Pourbaix diagrams for the cubic
perovskites are reported in the present chapter.

Very limited information are available about Pourbaix diagrams of ternary com-
pounds. SrTiOz and KTaO3 are, for example, two well known cubic perovskites. They
are stable in water and they are used for water splitting under the UV light. Their Pour-
baix diagrams are shown in Figs. 4.1a and 4.1b, respectively. The two diagrams conserve
some of the characteristics of the diagrams of the constituent chemical elements.”

Figs. 4.1c and 4.1d show the energy difference, AE, between the cubic perovskite
structure and the most stable phase into which the perovskite can separate as a function
of the pH and potential for SrTiO3 and KTaOg3. The energy difference defines a convex
surface, called convex hull. SrTiO3 and KTaOgs are less stable at higher and lower
potentials as well as under more acidic conditions. In fact, the amount of oxygen in the
solid substance is increasing with the pH, and an increase in the potential favors the
dissolution of the solid into positive ions and free electrons. The region where the two
perovskites are more stable (colored in green in the figure) is around the red-ox levels of
water. The stability is, in general, more affected by changes in the potential compared
to variations in the pH. This is because, the pH, in Nernst equation (Eq. 4.3) scales
with the small number 0.0591 eV /pH.

Fig. 4.2 shows the formation energy of nine experimentally known cubic perovskites
compared with the most stable linear combination of known solid and aqueous phases
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4.3 Candidates for One-photon Water Splitting
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Figure 4.1: Pourbaix diagrams for the cubic perovskites SrTiOs (a) and KTaOs (b), drawn
at a concentration of 107% M and at 25°C. The compounds in aqueous solution are indi-
cated in italic. The Greek letters in (a) stand for the different phases in which SrTiOs splits
(a Sr+++Ti60; B: Sr+++Ti3O; ~: Sr+++TigO; €: Sr+++T1305; C: ST+++T1203; n:
SrTt4+Ti0; 9: SrOH +TiO; v: SrOHY+Tiz0; k: SrOHT+Ti,0; A: SrOH'+TiO; pu:
SrOH T +Tis03; v: SrOHT+Ti305). (c) and (d) show the energy differences between the
cubic perovskite phases and the most favorable phases for Sr'TiOs and KTaOs, respectively.

at pH = 7 and for four chosen values of the potential (—1, 0, 1, and 2 V) in which
the perovskite can separate. Although most of these materials have been used for water
splitting under UV light and have not been found to corrode in contact with water, only
KTaOj is seen to be stable at zero potential, with an energy threshold of 0.2 eV /atom.
The disagreement between experiment and theory might be that the Pourbaix diagrams
include only the thermodynamic stability while the reaction kinetics are not considered.
These materials might, thus, be metastable with large barriers separating the phases.
More compounds become stable if the increased energy threshold is set to 0.5 €V /atom.

4.3 Candidates for One-photon Water Splitting

In the ideal conditions, a material for water splitting should be stable at pH =~ 7 and
in a potential range between —1 V and 2 V covering the red-ox potentials of water
and the reaction overpotentials. Fig. 4.3 shows the energy difference between the cubic
perovskites and the most stable phases of the 23 identified candidates for water splitting.
For all the materials, there is a potential where the candidate is stable, with an energy
threshold of 0.5 eV /atom to account for metastability and energy barriers between the
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Figure 4.2: Energy differences between nine cubic perovskite known to be stable and the
most stable phases in which each material can separate calculated at pH = 7 and at a potential
equal to —1, 0, 1, and 2 V, respectively.
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Figure 4.3: Energy differences between the candidates for one-photon water splitting in cubic
perovskite phases and the most favorable phases in which each material can separate calculated
at pH = 7 and for potentials equal to —1, 0, 1, and 2 V.

structures. The highest stability is usually achieved at zero potential. The oxides and
oxyfluorides are also stable at higher potential, while the oxynitrides become unstable
due to a large number of free electrons present in the reactions which become more
stable with at higher potential.*

The problem of stability against photocorrosion can be investigated considering the
stability of the material at pH = 7 and potentials —1 V and 2 V, corresponding to the
conduction and valence band edges: under high light intensity, the photo-excited elec-
trons and holes might induce other chemical reactions different from the water oxidation

*For instance, the reaction for SrTaO2N at pH=7and U =2 V, is
+ -
2 SrTaO2N + 7 HoO = Tag05 + 2 Sr(aq) +2 NO3(aq) +14H" 4+ 16 e , (4.4)

with 16 free electrons involved.
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4.4 Summary

and hydrogen reduction. All the candidates are less stable at lower and higher poten-
tials. The oxides are less stable at potential of —1 V, while they remain stable at higher
potential. The oxynitrides, instead, are less stable at high potential, due to the large
number of electrons involved in the relevant reactions. In the case of the oxyfluorides,
the variation in the stability due to a change in the potential is weak.

4.4 Summary

The problem of corrosion and photocorrosion has been investigated for the candidate
materials for one-photon water splitting. The proposed method combines experimental
and theoretical information to draw Pourbaix diagram of each compound. The stability
threshold of 0.2 eV /atom used before for separation into solid substances might be too
strict when aqueous solutions are included in the pool of reference systems. It might
thus be necessary to increase the threshold to 0.5 eV/atom to take into account non
thermodynamics terms, like metastability, inaccuracy in the calculations, and reaction
kinetics.

With this threshold, the oxides at pH = 7 are usually stable at positive potential
potentials, while they are less stable at negative potentials. The situation is opposite for
the oxynitrides, due to a large number of electrons involved in the dissolution reactions.
For the oxyfluorides, the effects of a change in the potential are rather weak.

The problem of photocorrosion has also been investigated by considering the stability
at the potentials corresponding to the valence and conduction band edges where all the
candidates are seen to be less stable.
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Chapter 5

Statistical Model for Cubic
Perovskite Semiconductors

The structures presented in Chapters 2 and 3 are the results of the calculations obtained
by combining two metals from a set of 52 interesting elements of the periodic table, and
seven different combinations of anions for a total of around 19000 cubic perovskites.
This has been possible mainly because of the small crystal structure under investigation
(only 5 atoms in the unit cell), while for larger structures, like the double and layered
perovskites proposed in Chapter 7, this is not affordable. It is thus convenient to
find general rules based on the experimental data and on the experience gained so far
to reduce the space of investigation. In data mining methods, for example, machine
learning techniques are used to extract rules to design new structures starting from
data present in experimental databases.”®

In this chapter, some basic statistical methods have been applied to the cubic per-
ovskite data to investigate the trends behind the stability and the bandgap. The results
and the figures shown here are, for simplicity, for the ABO3 cubic perovskites, but the
same information can be obtained by considering the other anions. Most of the analysis
done here has been made using the Wolfram Mathematica 8 software.”

5.1 Probability and Dendrogram Analysis

A very simple analysis is based on counting how often a chemical element is found
either in the A- or B-ion position to form a perovskite that is stable and/or that shows
a bandgap. The cubic perovskite has two nonequivalent sites and the chemicals are
chosen on the basis of their ionic radii and of their oxidation states to be either the A-
or the B-ion. The A-ion is usually larger than the B-ion with cation charges of +1, 42,
and +3. The B-ion has usually oxidation states +3, +4, and +5.

Fig. 5.1 shows the probability to form a stable perovskite for all the 52 chemicals
considered. As in the previous chapters, the stability is evaluated with respect to a pool
of reference systems in which the perovskite can separate. A compound is considered
stable if its heat of formation is below the energy threshold of 0.2 eV /atom. Due to the
size of the ionic radii and to the cation charges, the alkali and alkaline-earth elements,
as well as the d' metals, prefers to occupy the A-ion position. With some exception
(yttrium and lanthanum than works well in the A-position), d-metals with d < 5 are
generally good for being used as B-ion, even if few of them (vanadium, chromium, and
manganese) can be used in both the positions. Post transition metals are found to be
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Figure 5.1: Probability (in %) to form a stable perovskite when the element occupies the
A- (upper triangle) or the B-ion position (lower triangle). The probability of a metal M is
calculate as the number of successful (stable) combinations that include M divided by 52, the
total number of possible materials formed by M.

stable in both the A- and B-ion site. The most successful elements, with a rate of success
larger than 30%, are strontium and barium for the A-ion and tantalum and niobium for
the B site. Few metals never produce stable perovskites mainly because of their radii
that can not fit in the cubic perovskite structure and they thus prefer to form other
crystal structures.

The electronic properties of the constituent chemical elements are more important
if the resulting material has to be a semiconductor. In fact for showing a bandgap, a
material should fulfill two rules:

1. Even-odd electrons rule: a semiconductor has completely-occupied bands at the
Fermi level. A compound with an odd number of electrons has partially-occupied
eigenstates at the Fermi level so it is a zero-gap material.

2. Valence balance rule: the sum of the possible oxidation states of its elements must
be zero, so that the compound is valence-neutral.

These conditions are fulfilled if the total number of electrons in the unit cell is an even
number (1) and if the sum of the possible oxidation states of the atoms is zero (2). For
example, the compound Ca™Ta™03 2 is a metal because there are an odd number of
electrons in the cell and the oxidation states sum up to +1. Ounly the condition (1) is
fulfilled by Sc*3Tat5052, while K+'Tat05? is expected to be a semiconductor. The
configurations allowed by the two rules are shown in Fig. 5.2. The number of compounds
that require to be calculated is thus reduced to around 40%. Because of the condition
1, there are no couple of elements A and B that can be successful for both the ABOj3
and ABO3N perovskites. In fact, oxygen has 8 electrons and the sum of the electrons
from the A- and B-ion has to be an even number, while the anions O3N have, in total,
23 electrons and thus, the sum of the electrons of the A- and B-metal must be an odd
number. The situation is different for the ABO3 and ABON; perovskites: both requires
an even number of electrons from the two metals and the sums of valences equal to 6
and 8, respectively. The two conditions give no information about the position that a
metal occupies in the crystal structure. An indication can be provided by Fig. 5.1 and
by the Goldschmidt’s tolerance factor (Eq. 2.5).

Fig. 5.3 shows the probability to generate a stable perovskite with a bandgap for a
chemical that occupies the A- (upper triangle) or B-ion position (lower triangle). The
probability for a metal M is calculated as the ratio between the number of stable combi-
nations with a bandgap that include M and the total number of allowed configuration.
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Figure 5.2: Combinations allowed including the chemical-based on counting electrons and
oxidation states of the pure chemicals. The blue squares in the upper matrix indicate combi-
nations permitted for the ABOgs perovskite while red squares in the lower matrix combinations
allowed for the ABO>N.

Alkali and alkaline earth metals have a very large probability (> 50%, as shown in
Table 5.1) to generate a stable structure with a bandgap when they are used as A-ion.
Early transition metals, instead, form stable semiconductors with a probability larger
than 25% when they occupy the B-ion position. Metalloids and post-transition metals
are equally good to be used as A- and B-ion. In fact, the ionic radii of both metalloids
and post-transition metals fit, in general, with both the positions. The metalloids with
an oxidation state of +3 can be easily combined with another +3 metal to form a
3 + 3 perovskite. The post-transition metals (that have valences of +2 or +4) can be
used either as an A-ion with oxidation state +2 or as +4 metal and be placed in the
B-ion position. Almost half of the chemicals considered do not produce perovskites
that are at the same time stable and have a bandgap. Table 5.1 shows, in parenthesis,
the probability for each metal to generate a semiconductor when the rules 1 and 2 are
not used. The calculated probabilities are drastically reduced. This indicates that few
chemical-based rules can have a high impact on the performances of the screening.

The information about stability and bandgap can also be studied using cluster anal-
ysis and dendrogram plots. A dendrogram is a tree diagram used to draw the clusters
produced by hierarchical clustering. The distance d (Aj, Ay) between two elements A,
and As is defined as:

1
d(A1A) = =3~ (Bfho, — Fbo,)” (5.1)
B

where Np is the number of possible combinations. The same distance can be defined
between By and By, where the sum now runs over all the possible elements in the A-
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Figure 5.3: A- and B-ion probabilities (in %) for the stable combinations showing a bandgap.
The probabilities are calculated taking into consideration the two conditions of counting elec-
trons and oxidation states, i.e. as the number of successful (stable and showing a bandgap)
combinations that include M divided by the total number of allowed materials formed by that
element. The most common oxidation states are also indicated for the metals with a probability
different from zero.

A-ion Probability [%] B-ion Probability [%]
Na 60.0 (7.7) Ta, Nb 31.6 (17.3)
Ca, St 50.0 (9.6) Zt 33.3 (11.5)
K, Li 50.0 (5.8) Hf 27.8 (9.7)
Ba 40.0 (7.7) Ti 26.1 (11.5)
Rb, Cs, Az 33.3 (3.8) Sn 13.6 (5.8)
La 21.1 (7.7) Al 10.5 (3.8)
Sn, Pb 13.6 (5.8) Ge 9.1 (3.8)
Ga,In, TI 105 (3.8) Sb 7.7 (3.8)
Mg 10.0 (1.9) v 7.4 (3.8)
Y 53(1.9) | Sc, Ga,In 5.2 (L.9)
Ge 4.5 (1.9)

Table 5.1: Probability for an element to occupy the A- or the B-ion position when the resulting
combination is stable with a bandgap. In parenthesis the probability when the chemical-based
rules 1 and 2 are not used on the selection of the chemical elements.

position. At a large cutoff distance, all the elements are grouped together. At a smaller
distance, the clustering starts until each individual is found. In general, two data points
belong to the same cluster if there is a chain of data points, with distances d less than
the cutoff, that connect them. For the current problem, two A- (or B-) elements are
close to each other, when the resulting perovskites show similar bandgaps for all the
possible B- (or A-) atoms.

The cluster analysis and the dendrogram plots have recently been used to study the
interleukin interactions between different heterocycles and to guide the search in the
crystal structure prediction.®°

Figure 5.4 shows the dendrogram plots calculated using the bandgaps of the stable
combinations (49 observables). a and f collects all the elements where no stable con-
figurations with gap have been found for the A- and B-ion, respectively. The elements
are grouped mainly following the different valences of the chemical elements: Cs, Ag,
Rb, K, Na, Li, T1, Ga, and In (valence 1); Ge, Mg, Sn, Pb, Ba, Sr, and Ca (2); Y,
and La (3) for the A-site, and In, Ga, Sc, and Al (3); Hf, Zr, Ti, Sn, and Ge (4); Sb,
V, Nb, and Ta (5) for the B-ion. At a smaller cutoff distance, the clusters are divided
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Figure 5.4: Dendrogram trees for the A- and B-ion positions for the stable perovskites showing
a bandgap. The size of the bandgaps are indicated in the colored map where the elements are
sorted accordingly to the dendrogram analysis. Only the 49 stable materials with bandgap are
considered in the diagrams. The elements that do not contribute to any stable semiconductor
are grouped together and are indicated with « and S for the A- and B-ion, respectively. The
numbered scales indicate the distances between the clusters.

in sub-groups depending on the position of the element in the periodic table (s-, p-, or
d-metal), as shown by the different color fonts in Fig. 5.4. The dendrogram analysis also
orders the elements in each cluster as a function of the size of the gap. The bandgap
increases going from left to right and from the bottom to the top of the periodic table.
In fact, the size of the bandgap is strictly correlated to the size of the atoms and to the
character of the chemical bonds.”® The dendrogram analysis can give suggestions on
the possible substitution that can be done to tune the bandgap to the desired size.

The heats of formation and the bandgaps are combined in the dendrograms of
Fig. 5.5. More combinations are now included with respect to Fig. 5.4 since also the
non stable compounds are considered. The distance between two A-ions is now defined
as:

1 2 2
d(A1,Ag) = ]\TB Z {(Eii%OLo, - Eii%m) + (AEA,Bo; — AEA,B0O,) ] ) (5.2)
B

that includes both the difference between the bandgaps (E%°P) and between the heats
of formation (AFE) with the same weight. The division in clusters is again dominated
by the oxidation states and by the position of the elements in the periodic table.
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Figure 5.5: Dendrogram trees for the A- and B-ion positions for all the ABOs perovskites.
The heats of formation and the size of the bandgaps are indicated in the colored map ordered
following the dendrogram analysis. This map differs from the one of Fig. 2.4A because of a
different order in the chemical elements.

5.2 Prediction of ABO;N Perovskites

The information obtained by the probabilities of Figs. 5.1 and 5.3 can be used to predict
new materials in a class of compounds different from the ABOg perovskite, like the
ABO:N perovskites.

Table 5.2 shows the possible ABO3N cubic perovskites obtained by combining the el-
ements from Table 5.1 in the A- and B-site. The chemical-based rules 1 and 2, described
before, have also been used to reduce the list of possible combinations. The stabilities
and bandgaps of those materials have been check with the results obtained by DFT
and described in Chapter 2. 14 of the 16 stable ABOsN perovskites with a bandgap
are found. The two missing compounds are KWO3;N and RbWOs,N because tungsten
generates no stable ABOj3 perovskites due to its oxidation state (6) that makes one of
the chemical rules to fail. The first 13 combinations are all stable with a bandgap and
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5.3 Summary

A-ion B-ion Stable? Gap [eV] A-ion  B-ion Stable? Gap [eV]
Ca Ta v 2.2 (cont.)

Sr Ta v 2.1 In Hf 0
Ca Nb v 14 La Sn 1.8
Sr Nb v 1.4 In Ti 0
Ba Ta v 2.0 La Ge 0
Ba Nb v 1.3 Y Zr 3.3
La Zr v 3.4 Ge Ta 1.8
La Hf v 3.8 Ge Nb 1.1
La Ti v 2.5 Y Hf 3.4
Sn Ta v 1.2 In Sn 0
Sn Nb v 0.5 Y Ti 2.4
Pb Ta v 2.0 Sn Sb 0
Pb Nb v 1.3 Pb Sh 0
Sr Sb 0 Sn A% 0
Ca Sb 0 Pb A% 0
Sr \% 0 In Ge 0
Ca Vv 0 Mg Sb 0
In Zr 0 Mg \% 0
Mg Ta v 2.1 Y Sn 2.7
Mg Nb 1.5 Y Ge 1.3
Ba Sb 0 Ge Sb 0
Ba A% 0 Ge A% 0

Table 5.2: Possible combinations in the ABO3N stoichiometry using the elements with a
non-zero probability to generate a stable semiconductor in the ABOs3; structure after that the
chemical-based rules have been applied. The stability check and the size of the obtained
bandgap is included. The combinations are sorted for decreasing probability defined as the
product of the probabilities of the two constituent metals.

no more than 20 simulations are needed to find the 14 stable bandgap materials. All the
stable ABO3;N with a bandgap and the related dendrograms are shown in Figure 5.6.
As in Figure 5.4, the elements are clustered following the different oxidation states and
the positions in the periodic table.

The high rate of success of this simple method is determined by the similarity be-
tween the two investigated structure. In fact, oxygen and nitrogen have similar prop-
erties, like electronegativity and ionic radius that make the oxynitride perovskites not
too different from the oxides. More sophisticated methods, like evolutionary algorithms
and/or data mining, might be necessary for investigating structures very different from
the ABOj3 cubic perovskite.

In the following chapter, an evolutionary algorithm will be introduced to make the
search of new materials more efficient. It will also be shown that the chemical-based
rules are still valid and useful for the large set of data of 19000 cubic perovskites.

5.3 Summary

A statistical analysis has been applied to the ABO3 cubic perovskites. Simple chemical-
based rules have been found useful to reduce the space of investigation of around 40%
of the total when the goal is to find stable semiconductors. In particular, atoms with
equal oxidation states, behave in a similar way in generating stable structures with a
bandgap, as shown by the dendrogram plots where the atoms are grouped depending
mainly on the valences and on their position in the periodic table. This can be used to
suggest how to substitute chemicals to tune the size of the bandgap. The information
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Figure 5.6: Dendrogram trees for the A- and B-ion positions for the stable perovskites showing
a bandgap. The size of the bandgaps are indicated in the colored map where the elements are
sorted accordingly to the dendrogram analysis. The elements that do not contribute to any
stable semiconductor are grouped together and are indicated with « and 8 for the A- and
B-ion, respectively.

obtained for the ABOg3 perovskites can be used to predict new ABOsN materials with
a very good success rate.
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Chapter 6

Evolutionary Algorithms in
Search for Water Splitting
Perovskites

The search for new materials can be guided using sophisticated methods like data min-
ing™® or evolutionary (or genetic) algorithms and combine them with ab-initio quantum
mechanics simulations. In a data mining approach, the starting point is provided by na-
ture and new materials are obtained by combining the already known crystal structures
following the chemical/structural rules suggested by experience. In a genetic algorithm,
no a priori knowledge is needed and the best materials are found using an evolutionary
technique similar to nature where only the strongest individuals survive.

It is a challenge to find the best parameters to achieve the highest efficiency in a
genetic algorithm. In the present chapter, the role of different parameters has been
investigated. The algorithm works in the chemical and structural space of the cubic
perovskites and searches for the new water splitting materials already described in
Chap. 2 and 3.

This chapter is the result of a collaboration with Dr. Anubhav Jain and Dr. David
H. Bailey (Lawrence Berkeley National Laboratory, Berkeley, California, USA), and Dr.
Geoffroy Hautier (Université Catholique de Louvain, Louvain-la-Neuve, Belgium).

6.1 Evolutionary Algorithm

An evolutionary algorithm runs through three main steps: (i) definition of the initial
population; (ii) calculation of the fitness function of each individual, that determines the
probability of the individual to be used to make the following generation; (iii) creation
of the next generation of individuals starting from the best-fit individuals using mixing
operations like mutation and crossover. The algorithm then continues from point (ii)
until a sufficient fitness is achieved.

The efficiency of the algorithm highly depends highly on the definition of the fitness
function. In the case under investigation, the ranking of the individuals must depend
on the three screening criteria described earlier and there is no unique way to rank
the materials. Fig. 6.1 shows the three different fitness functions used: (i) the fitness
function (called discontinuous) is obtained by a sum of the scores for the stability,
bandgap, and band edges and no points are given unless the screening properties are
fully met; (ii) called smooth, the fitness function is given by the sum of the three scores
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Figure 6.1: The discontinuous (left column) and the smooth (right column) strategies. The
overall fitness function is obtained by either sums or products of the fitness functions of each
criterion.

as in (i), but the fitness score increases as an individual becomes closer to the target
properties; (iii) called smooth product, similar to (ii) but the fitness function takes the
product of the stability fitness with the sum of the band gap and band edge position
fitness, rather than the sum. This assigns higher fitness to compounds that balance
stability and desired electronic structure.

Three methods are used to select the parents for the next generation: (i) uniform,
where the individuals are selected randomly; (ii) roulette wheel, where the fitness func-
tion determines the probability of an individual to be selected; (iii) tournament wheel,
where the individuals are grouped randomly and, in each group, only the individual
with the highest fitness is selected.

Crossover functions and mutations are then used to generate the children population
from the parents. Three crossovers are tested (Fig. 6.2: (i) single-point, the children
are generate by swapping either the A or B cation (but not both); (ii) two-point, the
generated children swap the anion (X3); (iii) uniform, A, B, and X3 are randomly
swapped between the parents. To explore a region far away for the parents, a mutation
is necessary. The mutation used here replaces randomly an element of the individual.
The performance can be improved by promoting some of the fittest individual to the
next generation and replacing the least fit individuals. This procedure is called elitism.

The selection of the individuals can be guided by empirical knowledge and scientific
principles. The rules applied here are:

1. Even-odd electrons rule: a material with an odd number of electrons has partially-
occupied eigenstates at the Fermi level so it has a bandgap equal to zero.

2. Valence balance rule: in a realistic material, the sum of the possible oxidation
states of its elements must be zero, so that the compound is neutral.

3. Goldschmidt’s tolerance factor ranking: the materials are ranked using the ab-
solute deviation between their Goldschmidt’s tolerance factor (Eq. 2.5) and the
ideal value (tigeal=1)- In the case of multiple known ionic radii, the unweighted
average of the radii has been used. The weighted average of the individual ionic
radii is used when the anion X3 contains different elements, for example like O;N.

Materials not fulfilling the rules 1 and 2 are excluded from the search. In fact, as shown
in Chapter 5, combinations not fulfilling one of the two rules, fail in producing stable
semiconductors. Rule 3 gives an additional ranking of the compounds so that the ones
with a smaller deviation from the ideal value are calculated first.
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6.2 Results

PARENTS
A TR [A]G]E

CHILDREN
Single Point Two Point Uniform
Al X,|B A1 X,]1B, A, X,|B,
Al X,1B, Al X, |B Al X,|B

or or

Figure 6.2: The crossover functions used in the algorithm to produce two children from a
pair of parents.

Parameter set 20 solutions 10 solutions
Chemical rules 4.5 9.2
Best GA 5.8 9.8
Best GA + chemical rules 11.7 16.9

Table 6.1: Efficiency of the best GA and chemical rules to find 20 and 10 candidates for the
one-photon water splitting. The efficiency of the random search is defined to be equal to 1.

6.2 Results

The robustness or efficiency of both genetic algorithms and chemical rules has been
tested for the problem of the one-photon water splitting and transparent shielding of
the photoanode. The descriptor of the robustness is given by the expected number of
computations needed to produce a given number of solutions. The robustness is then
defined as the ratio between the average number of calculations needed for a random
search and for the genetic algorithm to produce the same number of solutions.

The average number of calculations needed to find a given number of solutions for the
one-photon water splitting problem is shown in Fig. 6.3 and summarized in Table 6.1.
On average, the best genetic algorithm (in blue) requires around 3100 calculations to
find all the 20 candidates with an efficiency 5.8 times higher than a random search (in
black). The chemical rules described above, reduce the space of investigation of around
60%, and a random search based on the chemical rules (in orange) performs as good
as the best genetic algorithm without any a priori knowledge. The genetic algorithm
benefits from the knowledge provided by the chemical rules. Excluding the combinations
not fulfilling the chemical rules and rerunning the best genetic algorithm (in green), the
efficiency improves of 11.7 times with respect to the random search and of more than 2
compared with the best genetic algorithm and the search using only the chemical rules.
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Figure 6.3: The average number of simulations needed to produce a given number of solutions
for the one-photon water splitting problem. The best genetic algorithm (in blue) requires fewer
calculations than a random strategy (in black), but performs similarly to a random search based
only on the chemical rules (in orange). A significantly improvement is obtained by applying the
chemical rules to the genetic algorithm (in green). One standard deviation from the average
performance over 20 independent runs of the genetic algorithm is indicated by the error bars.

Fig. 6.4 shows the effects of the different parameters on the efficiency of the algorithm

(listed here in order of importance):

« Elitism is crucial even if it saturates after a rate of 50%.

e The smooth product fitness function gives higher performance than the smooth
and the discontinuous functions. Both give partial points for partial solutions
and multiply the individual fitness functions are beneficial in the definition of

multi-objective functions.

o A small population size is preferable to large population sizes where a large por-
tion of the search space has to be investigated before the selection and crossover

functions are able to narrow down the genes.

e Single-point and uniform crossover perform almost equally better than the two-
point one. In the two-point crossover the anions X3 are swapped, but the problem
contains only seven different anions. Since many parents have the same anions,
the children will then be identical to the parents. This prevent to have enough
diversity in the population and thus the two-point crossover is not appropriate.

e The roulette and the tournament selection types perform in a similar way and
better than the uniform selection. A weak roulette selection that prefers the
population diversity instead of the stronger individuals gives results comparable

to the uniform selection.

The role of various parameters has been tested also for two other problems: (i)
finding 10 solutions out of the 20 candidates for one-photon water splitting, and (ii)
finding the 8 materials suitable for protecting the photoanode from photocorrosion,

listed in Fig. 3.6a.
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Figure 6.4: Effects of the choice of the various parameters in the genetic algorithm.

The benefits of a smaller population is more pronounced in the problem of finding
10 materials for water splitting compared with the full solution. In facts, smaller pop-
ulations learn the rules to find a few good candidates faster than a larger population,
but their advantage disappears as more candidates must be found because of a lower
diversity in the population. The efficiencies in finding 10 candidates for the best GA
and chemical rules are shown in Table 6.1.

Efficiency (transparent shields, all)

1 2 3 4 5 6
Efficiency (one-photon water splitters, all)

Figure 6.5: Correlation between the efficiencies of various set of parameters in finding the 20
perovskites for one-photon water splitting (z-axis) and the 8 materials to protect the photoan-
ode (y-axis).

The best genetic algorithm for finding the solutions to the transparent shielding
problem is 8 times more efficient than a random search, but even if there is a correlation
between the transparent shielding and water splitting problems, the best set of parame-
ters for one-photon problem do not give the best efficiency for the other. In particular,
the set of parameters giving the highest efficiency (around 6 times better than random
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search) for the water splitting problem, gives an improvement of 4 times with respect to
the random search for the transparent shield, and the one giving the highest improve-
ment (8 times) for the transparent shield problem, gives an improvement of around 3.5
for the water splitting (Fig. 6.5). In this case, a chemical-based search performs even
better than the best genetic algorithm (13.4 times better than random search). This
indicates that the chemical rules might be better than a genetic algorithm in finding
fewer solutions, while a genetic algorithm is preferable to search for more. The role of
the various parameters is similar to the results presented for the water splitting problem
(Fig. 6.4).

In general, the parameters with the largest effects on the robustness of the algorithm
are elitism, selection method, and population size.

6.3 Summary

A genetic algorithm is useful to improve the search for materials to use in a photoelec-
trochemical cell. The algorithm quickly finds half of the solutions for the one-photon
water splitting problem and the full set of solutions with an efficiency 5.8 times higher
than the random search. The algorithm can become more efficient by applying a set of
chemical rules that filters and ranks the perovskites under investigation. The efficiencies
of the combined genetic algorithm and chemical rules are 16.9 and 11.7 times better for
half and all the solutions, respectively.

The study suggests few guidelines: the elitism should be set high, around 50% of
the population; a strong roulette or tournament selection method are recommended. In
addition, a uniform or single point crossover, a small population size (around 0.5% of
the search space) and the smooth product fitness function should be preferable.
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Chapter 7

Low Symmetry Perovskites for
One- and Two-photon Water
Splitting

The success in the screening of cubic perovskites leads to the search of more complex ma-
terials. The screening approach has been applied to low symmetry perovskites obtained
by combining two cubic perovskites in a structure called double perovskite or combining
a cubic perovskite with different motif to form the so-called layered perovskite. The
screening is applied to the problem of finding new materials for one- and two-photons
water splitting. This chapter is based on Papers III and VI.

7.1 Double Perovskites

The double perovskite structure is composed of two cubic perovskites as shown in
Fig. 7.1A. The general formula is A;AsB1B50Og, where A; and A, are in the A-ion
position of the cubic perovskite and B; and By are in the B-ion position. The double
perovskite requires a unit cell of 20 atoms. The four-metal space is too vast to be in-
vestigated completely as it has been done for the cubic perovskite materials. For this
reason, the double perovskites studied here, are obtained by combining two of the 46
stable cubic perovskites with a non-zero bandgap resulting form the previous screening.
Double perovskites have been first synthesized in 1998%! and they have been investigated
theoretically because of their various properties, like ferroelectricity and high magnetic
Curie temperature or small bandgap.

7.1.1 Trends in Double Perovskites

The bandgaps of 1100 combinations investigated are summarized in Fig. 7.1B. The
bandgaps span over a region from 0 to 7 €V; most of the combinations have a bandgap
larger than 4 eV and only few have a bandgap between 1.5 and 3 eV corresponding to
the visible light range. Compared to the oxides in the cubic perovskite structure, the
bandgaps are generally larger. The reason might be related to the octahedral distortion
that leads by itself to an increase of the bandgap and that cannot be studied in the 5
atoms unit cell used for the cubic perovskites.

The difference between the bandgaps of the double perovskites and of the average of
the two bandgaps of the constituents ABOg is shown in Fig. 7.2A. Usually, the double
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Figure 7.1: (A) Double perovskite crystal structure. (B) Calculated bandgaps for the possible
combinations. In red the materials with an ideal bandgap for one-photon water splitting. The
cubic perovskites along the two axes of the plot are sorted using a cluster analysis similar to
the one described in Chapter 5.

perovskites have a bandgap similar to the average gap of the two cubic perovskites (in
white). When one of the two constituents has a small bandgap (below 1.5 eV), the
corresponding double perovskites show a general reduction of the bandgap (in blue)
compared to the average gap of the two corresponding cubic structures. However, there
are also combinations, where a d-metal is combined with a p-metal in the two B-ion
positions, for which there is a significant increase of the bandgap (up to 3 €V, in red). By
contrast, the bandgap is not significantly affected by the elements in the A-ion positions.

A strong hybridization between the p- and d-metals in the B-ion positions causes
the opening of the bandgap. Fig. 7.3 shows the projected density of states (DOS) for

. Two-Photon WS
. One-Photon WS

Distance from Average [eV]

Figure 7.2: (A) Difference between the double perovskite bandgap and the average gaps of
the constituent perovskites calculated for the 20 atoms unit cell. (B) Candidates for one- and
two-photon water splitting. The colored font for the name of the structure indicates that the
cubic perovskite has been previously proposed as a candidate for one- or two-photon water
splitting.

56



7.2 Layered Perovskites
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Figure 7.3: Projected density of states for BaHfO3, BaHfSrSnOg, and SrSnOs. The s, p,
and d orbitals are drawn in blue, green, and red, respectively. The zero energy is set to the
HOMO level (in magenta). The LUMO level is indicated by a cyan line. A strong hybridization
between the p- and d-metals in the B-ion positions causes the increase in the bandgap for the
double perovskite. The wavefunctions of the conduction band (CB) edge states of the three
materials are also shown.

BaHfOj3, SrSnO3, and their combination BaHfSrSnOg. The projected density of states
of Hf-d and Sn-s/p show peaks in the double perovskite that are not present in the cubic
ones. The conduction band wavefunctions follow the densities: the d-like wavefunction
of Hf in the BaHfOg3 disappears for the more intense s-like wavefunction of Sn in the

BaHfSrSnOg.

7.1.2 Candidates in the Double Perovskite Structure

The same parameters used in the screening for the cubic perovskite are applied also
here. Fig. 7.2B shows the candidates for one-photon water splitting (150 combinations,
in red) and two-photon (100, in blue) mechanism. 6 cubic perovskites are particularly
promising to generate candidates. Some of the candidates in the cubic perovskite, like
CaGeO3 or CaSn0Os, shown with colored fonts in the diagonal of Fig. 7.2B, now fall
in or out of the bandgap region for the one- or two-photon water splitting because of
distortions or changes in the lattice parameters of the structure with consequent increase
or reduction in the bandgap.

7.2 Layered Perovskites

A layered perovskite is formed by 2D slabs of ABOg cubic perovskite separated by
some motifs. Several phases of layered perovskite are known, depending on the relative
displacement and of the thickness of the slabs of cubic perovskite and of the motif.
This section shows the results for the Ruddleson-Popper phase (Fig. 7.4) with general
formula A,,_1B,,O3,,+1, where n is the number of BOg octahedra forming the 2D slabs.
The cases of n = 1 (A;BO4 and A;BO3N, where the case of one oxygen replaced by one
nitrogen is studied because of the beneficial effect that this has on the level alignment®®)
and of n = 2 (A3B207) are considered. The n = 1 phase is composed of slabs of cubic
perovskite ABOj3 offset by a translation of (1/2,1/2) with respect to each other and
separated by a layer of As. The n = 2 is similar except that each slab of perovskite
is formed by two octahedra BOg. The unit cells are composed of 14 and 24 atoms,
respectively.

As shown before, the search for new materials can be guided by chemical-based
rules (Chapter 5 and 6). Those rules can reduce the number of calculations to perform
since only the combinations that fulfill them will be calculated for the screening. The
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Figure 7.4: Crystal structure of the Ruddleson-Popper phase with n =1 (a) and n = 2 (b).

Goldsmith’s tolerance factor (Eq. 2.5) selects which metals can occupy the A- and B-ion
positions*. With these constrains, 300 combinations will be screened.
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Figure 7.5: Heats of formation as a function of the bandgaps for the A2BO4 (black circles),
AsBO3N (red squares), and A3B2O7 (blue diamonds). The oxides show high stability and a
wide range of bandgaps. The oxynitrides are slightly less stable and show a general reduction
in the size of the gaps compared to the oxides.

*The metals used in the A-ion position are: Li, Na, Mg, K, Ca, Ga, Ge, Rb, Sr, Y, Ag, Cd, In, Sn,
Cs, Ba, La, T1, and Pb. The B-metals are Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Zr, Nb,
Mo, Ru, Rh, Pd, In, Sn, Sb, Te, Hf, Ta, W, Re, Os, Ir, Pt, and Bi.
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7.3 Trends in Stability and Bandgaps

7.3 Trends in Stability and Bandgaps

The heats of formation and the bandgaps are calculated for the AsBOy4, A3B20O7, and
A3BO3N layered perovskites using the linear programming analysis described in Chap-
ter 2. Fig. 7.5 shows the heat of formation as a function of the bandgap. The bandgaps
of the oxides range from zero to more than 6 €V, but no materials with a gap between
4.5 and 5.5 €V have been found. The oxides are usually very stable and the stability in-
creases with the bandgap. The oxynitrides show lower stabilities and smaller bandgaps.
In fact, nitrogen is slightly less electronegative than oxygen and the valence band edges
are formed by the nitrogen 2p orbitals hybridized with the oxygen 2p. The nitrogen
2p are higher in energy than the oxygen 2p with the consequence of making the gaps
smaller and shifting up the band edges to have a better matching with the red-ox levels
of water. On the other side, nitrogen breaks the symmetry of the cubic perovskite octa-
hedron. This leads to a reduction in the stability, as shown in Fig. 7.5. Further nitrogen
replacements will result in even smaller bandgaps and to an additional reduction in the
stability of the compounds (Fig. 2.6), so this is not investigated here.

The bandgaps of the stable A;BOy layered perovskites are shown in Fig. 7.6. The
chemical elements are sorted using a dendrogram analysis and atoms that generate
structures with similar gaps are next to each other. The elements are grouped depending
on their valences and their positions in the periodic table. For the B-ion position, Hf
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Figure 7.6: Bandgaps of the stable compounds in the A2BOy4 structure. The gaps range from
zero to more than 6 eV. The chemical elements are sorted using a dendrogram analysis, so that
elements with similar size of the bandgaps are next to each other.
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B-ion In vacuum Vg Bandgap
CagBO4 SI‘QBO4 CdQBO4
Tit* (d) —56.13 —-3.35 4.01 3.82 0.78
Zrit (d) —42.30  —1.24 6.19 6.09 1.90
Hf*+ (d) —39.90 —1.10 6.11 6.57 1.60
Gett (s) —52.28 —3.64 3.67 3.39 0.36
Snt (s) —45.45 —3.82 3.70 3.67 0.54

Table 7.1: LUMO energies (in e¢V) of B**" ions in vacuum and under the effect of Va. Vg
is calculated for the A?T in the ASnQ, structures and for the Bt in the CaBOy, but similar
results are obtained for other lattices. The LUMO energies of the A?T in vacuum and under
the effect of Vg are for Ca** (s): —14.65 and —0.58; for Sr®* (s): —13.58 and —1.02; for Cd**
(s): —20.35 and —4.91. The bandgaps of the compounds containing these ions are also shown
for comparison.

and Zr generate very large bandgap insulators with a gap above 6 eV and Ti, Ge, and Sn
give structures with gaps above 3 eV even if few combinations have gaps in the visible
range. Only minor changes in the size of the gaps are seen with changes of the atom
in the A-ion position. W and Zn as A-ion seem to be particularly good for visible light
absorption since the stable structures have a gap in the visible range.

The valence bands of most of the oxides are formed by the 2p levels of the 0%~
ions and, in a first approximation, the top of the valence band energy is constant for
all of them’. The trends in the bandgaps can be analyzed by looking at the energy of
the LUMO levels of the A- and B-ions. In general, the lower the energy of the most
stable LUMO from A- and B-cations the smaller will be the bandgap. The energies of
the LUMOs are calculated taking into account the electrostatic field from the rest of
lattice, Vr. This is done following an Ewald-Evjen scheme, assuming that all the ions
keep their nominal charges.5?

The LUMO energies change dramatically passing from the free cations to the cations
under the effect of Vg (Table 7.1). Because of the shorter distance between the O?~ and
A-ions in comparison to the B-O2~ distances, Vi has the effect of destabilizing much
more the LUMO energies of the B site ions than the ones of A-site ions. The correlation
between the lowest LUMO energy out of A- and B- (under the effect of V) ions and the
bandgap is shown in the table. The LUMO of the B4 ions has lower energy than the
LUMO of the A%t ions when the A-position is occupied by an alkaline-earth ion and
the bandgap depends on the LUMO energy of the B ion. Zr*t and Hf** compounds
have similar Vz and thus similar gaps, while Ti*t shows a smaller gap . This could
be understood even just by looking at the energies of the ions in vacuum, since the d-
levels of Ti**t are much deeper in energy that those of Zr*t and Hf*t. Ge**t and Sn**t
compounds have similar bandgaps due to a compensation of effects: the Ge** s level in
vacuum is lower in energy than the Sn** s level (by =~ 7 eV), but Ge** ionic radii is
16 pm smaller than that of Sn**. Cd?*, contrary to the alkaline-earth elements, has the
LUMO more stable than the LUMO of B** ion and its compounds have the conduction
band dominated by the Cd?* s level and consequently have a smaller bandgap.

The same results are found for the A3B50O7 layered perovskites and are not reported
here. These considerations are expected to be valid also in the case of a nitrogen
replacement since the electronegativity of nitrogen is not too different from the one
of oxygen. The main difference will be that the valence band is now formed by a
hybridization of the oxygen and nitrogen 2p orbitals.

TThis is because the ions are usually in their most favorable oxidation state that is a closed shell
structure and the bonds are highly ionic. Few exceptions are for those compounds that contain carbon
group ions (Ge2t, Sn?* and Pb2*), in which the valence band is an hybridization between the 2p levels
of the O2~ ions and the s levels of the carbon group ion.
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7.4 Candidates in the Layered Perovskite Structure

Criterion One-photon WS Two-photon WS

Stability (AE) 0.2 eV/atom 0.2 eV/atom

Bandgap (Fgap) 1.7 < Egap <3 1.3 < Egap <3

Band edges VBegge > 1.6 VBanode > 1.6

(VBedge, CBedge)  CBedge < —0.1  CBELde < —0.1
CBR® < VBgghote

Table 7.2: Screening parameters (in €V) used for the one- and two-photon water splitting
devices. The red-ox levels of water with respect to the Normal Hydrogen Electrode (NHE) are
0 and 1.23 eV for the hydrogen and oxygen evolution, respectively. The criterion for the position
of the band edges include also the overpotentials for hydrogen (0.1 eV) and for oxygen (0.4 eV).%®

Silicon is used as cathode in the two-photon water splitting device (VBSége =0.86 V).
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Figure 7.7: The candidates identified for one-photon water splitting. The figure shows the
red-ox levels of water and the calculated band edges for the indirect (red) and direct (black)
bandgaps.

Few couples of A- and B-ions can be used for both the AsBO4 and A3B50O7 per-
ovskites. There is a weak trend that correlates the bandgaps to the B-ions and to the
thickness of the 2D cubic slab: if the B-ion position is occupied by a p-metal (Ge, and
Sn), the gaps decrease with the thickness of the octahedra, while when a d-metal, like
Ti, Zr, and Hf, is used as a B-ion, the gaps increase. This can be used to tune the
bandgap to the desired region by increasing or reducing the number of octahedra in the
structure.

7.4 Candidates in the Layered Perovskite Structure

The screening parameters for the one- and two-photon water splitting device are sum-
marized in Table 7.2. In addition to stability and a bandgap in the visible range, the
band edges should straddle the red-ox levels of water plus the required overpotentials to
run the reactions (0.1 eV for hydrogen and 0.4 eV for oxygen.%® Previously the criterion
on the position of the band edges did not consider the overpotentials).

20 materials are identified to be used in the one-photon water splitting device and are
shown in Fig. 7.7. BagTaO3N and Sr3SnyO7 are already known in the layered perovskite
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Figure 7.8: The candidates identified for a two-photon water splitting device.

structure. BayTaO3N has recently been suggested as a water splitting material.®3 Some
of the proposed materials are experimentally known in other stoichiometries or crystal
structures. 8 perovskites are unknown. The oxynitrides seem to be interesting for water
splitting. In fact, the cubic perovskites ABO;N with A = Ba, Sr, and Ca, and B =
Ta, and Nb are known in the water splitting community to evolve hydrogen and/or
oxygen in presence of sacrificial reagent® " and the layered perovskites generated by
these elements are expected to conserve the good properties in terms of activity already
present in the cubic phase.

5 layered perovskites are identified as candidates to split water in the two-photon
device in combination with silicon as photocathode (Fig. 7.8) in addition to the ones
already proposed for the one-photon mechanism. They are all experimentally known in
other structures/stoichiometry, but none of them has been used as photocatalyst so far.

7.5 Summary

The screening procedure has been applied to low symmetry perovskites with focus on
the problem of light harvesting and of solar light conversion and on finding general
rules for tuning the bandgap. A double perovskite obtained by combining two cubic
perovskites with only p- or d-metals in the B-ion positions shows a bandgap close to
the average gaps of its constituents. When it is formed by the combination of a p- and
a d-metal, its bandgap increases. For the layered perovskite, a p-metal in the B-ion
position, generates structures with bandgaps that decrease with the thickness of the 2D
slab of cubic perovskite, while a d-metal in the B-position has the effect of opening the
gaps with the thickness of the octahedra. The A-ion has only a minor effect on the
gaps.

Many low symmetry perovskites are known. A screening of these and other crystal
structures will be performed in the future.
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Chapter 8

Water Splitters from the
Materials Project Database

Several databases have been established in the last decade to collect experimental and
theoretical results. The Inorganic Crystal Structure Database (ICSD)*® contains more
than 150000 experimentally known compounds. The Materials Project database!® and
the AflowLib consortium® have collected respectively around 31000 and 17000 materials
from DFT simulations.

In this chapter, the GLLB-SC potential has been applied to a subset of the Materials
Project database to calculate the bandgaps of known stable compounds. In addition,
the screening procedure selects the candidates for one- and two-photon water splitting
and transparent shielding of the photocatalysts, as presented for the cubic perovskite
structures in Chapter 2 and 3.

This project is carried out in collaboration with Dr. Anubhav Jain and Dr. Kristin
Persson (Lawrence Berkeley National Laboratory, Berkeley, California, USA), and Prof.
Gerbrand Ceder (Massachusetts Institute of Technology, Cambridge, Massachusetts,
USA).

8.1 Bandgap Calculations

So far, the screening for new materials has proceeded by selecting a crystal structure
and then by calculating possible combinations of chemical elements that occupy the
different sites of the structure. This approach favors the discovery of materials still
experimentally unknown. On the other hand, it has the drawback that the candidate
can be extremely difficult or impossible to synthesize.

Nature can help in the search for optimal materials. There are hundreds of thousands
of known materials, with different stoichiometries, structures, and compositions. A
good part of them are collected in databases, like the already cited ICSD.*® These
databases collect mainly crystal structures while electronic data, like bandgaps and band
structures, are not present. It is thus possible to complete the missing information using
computational methods and to use the additional pieces of information as descriptors
for the screening. The main advantage of this approach is that the potential candidates
have already been synthesized, while it excludes the possibility of finding new materials
still experimentally unknown. The two methods can be combined in several ways, like
using data mining”® or genetic algorithms.%°

Several people have applied ab-initio methods to experimental databases, relaxing
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Figure 8.1: Comparison of direct I'-point bandgaps calculated with LDA (in black), GLLB-SC
(in blue) and GoWo@LDA (in red). The figure shows a good agreement between the bandgaps
calculated with the GLLB-SC functional and the GoW method.

the structures and afterwards calculating the properties relevant for the screening. Here,
the input compounds are provided by the already optimized structures as present in the
Materials Project databasel® (where the optimization has been performed using the
DFT-code VASP, and PBE and PBE+U as exchange-correlation functional).

As described in Chapter 2, one of the descriptors for designing new absorbers is the
size of the bandgap. Thus, the GLLB-SC potential is used to calculate the bandgaps
of a subset of the stable* relaxed structures present in the Materials Project database.
The positions of the band edges are evaluated using the empirical formula proposed by
Butler and Ginley.®

8.2 The Calculated Bandgaps

The bandgaps of around 2200 structures are calculated. The gaps range from 0 to 16 V.
All the calculated bandgaps are listed in Appendix A.

The quality of the GLLB-SC bandgaps is tested once more, with respect to the gaps
obtained using the GoWo@QLDA method within the plasmon pole approximation, for 20
materials shown in Fig. 8.1. As shown before for the candidates for one-photon water
splitting (Fig. 2.8), the agreement between the bandgaps obtained with the GLLB-
SC functional and the GoWy method is good, especially when compared with other
methods, like LDA, that seriously underestimates the size of the bandgaps, or Hartree-
Fock, where the bandgaps are overestimated. The agreement between GLLB-SC and
GoWy is not perfect and the latter is considered more reliable. The mean absolute error,
as defined in Eq. 2.6, between the two methods is around 0.9 eV. Because of the wide
range of gaps considered, it is more appropriate to look at the relative errors between

*The stability analysis has been made using a linear programming approach and the database
might also contain structures that are metastable or that are not stable because of inaccuracy in the
calculations.
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o;‘ \ 2
v o $ o SO «,0&"3,’0’%0«: ’VN,AJG»%OWO\OQ&O\
P SIS EF TSI TS 54
FEEITIEI OIS FTEEIITEILTF TS & pHr
_ M0 0000000000000 00000O0O0O00O0
2 DO D D O D D - O D D - O DD - O O D - O PO O O D -B- - ----H' H,
SEVilcNoNecReReNeReReNoReNoNeNeNoNoNoRe e NeNo RoRo R e
WO OOO0OO0O0OO0OO0O0O0O0O0OOOOO0OO0OOOOOO0O
12, D D D D D D D D D @ D D D D @D D@ @ 02O
TiclcNeNoReReReReReRo R Re ReReReRe R Re Re Re ReReRo Re)
WO OOOO0O0000O0O0O000OOOOOO00OOOO

0.8 1.6 24 32 4.0
AFE [eV/atom]

Figure 8.2: The most stable materials with potential for one-photon water splitting. Each
colored spot indicates the energy difference between the material and the most stable phases
(solid and aqueous) in which it can separate. The stability calculations are performed at pH = 7
and in the potential range where the device has to work.

GLLB-SC and GoWj.The mean relative error! is around 0.25. By contrast, the GoWq
is, at least, one order of magnitude more computationally expensive than GLLB-SC,
making it too costly to be used in a screening project. GoWj can thus be used on
selected interesting materials to refine the results.

8.3 Materials for Water Splitting Applications

In this section, different screening criteria will be applied to find materials for water
splitting applications. In Chapters 2 and 3, the usefulness of a material was determined
based on its stability, and the size and position of the bandgap. Here the stability issue
can be neglected since the investigated materials are already experimentally known.
Due to the large number of available data/structures, the criteria on the bandgap and
on the positions of the band edges can be more strict than the ones used previously. In
particular, the overpotentials will now be included among the design criteria. The ap-
plications considered are one- and two-photon water splitting and transparent shielding
of the photocatalyst.

8.3.1 Omne-photon Water Splitting

The screening criteria to find new materials for light harvesting and water splitting
using one photon are:

e Bandgap: 1.7 < Egop < 3.0 €V;
e Band edges: CB < —0.1 eV and VB > 1.6 ¢V w.r.t. RHE.

More than one hundred compounds survive to these screening criteria. Thus it is nec-
essary to reduce the number of candidates even more. One possibility is to look at the

TThe Mean Relative Error (MRE) is defined as:

EGLLB-SC _ pGoWo

1
MRE = ~ Z| Tk (8.1)
ne Egap
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Figure 8.3: The positions of the band edges for the candidates for the one-photon water
splitting identified in Fig. 8.2.
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Figure 8.4: Electron and hole masses the candidates for one-photon water splitting, identified
in Fig. 8.2.

world global production of the pure chemical species. This might be useful in order to
reduce the cost of the device, but might also remove some interesting materials that
will become technologically available and cheap in the future. Another possibility is
to use Pourbaix diagrams (Chapter 4) to investigate the stability against dissolution of
the candidate materials. In fact, the compounds selected by the screening are stable
with respect to solid structures, but no information are available regarding their stabil-
ity against corrosion. It is still a challenge to define the energy threshold below which
a material can be considered stable since the Pourbaix diagrams do not include the
reaction kinetics but only the thermodynamics of the reactions. No threshold is thus
set here, but the materials are ranked depending on their stability and only the best
20/25 are proposed as candidates. The Pourbaix diagrams are calculated in a potential
range covering a region where the device has to work (between —0.4 and 2.0 ¢V) and at
pH = 7, which is not harmful to environment and not corrosive.

Fig. 8.2 shows the most stable materials with respect to solid and aqueous substances
identified by the screening, and Fig. 8.3 reports the positions of the band edges, for the
indirect (in red) and direct bandgap (in black) with respect to the reversible hydrogen
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8.3 Materials for Water Splitting Applications

electrode (RHE*). Most of these materials are oxides. This indicates that the oxides
have in general a good matching regarding stability, bandgap, and band edge positions.
In particular, the Pourbaix analysis has removed most of the bromides, iodides, and
chlorides for which it is more energetically favorable to decompose into ions instead of
forming the solid compound. BaSnQOg is the only material that comes out as a candidate
both from this screening and from the one of the cubic perovskites (Chapter 2). As
mentioned before, BaSnO3 has been used for water splitting but it does not evolve
hydrogen or oxygen because of defect-assisted electron-hole recombination.?® The other
known material from the cubic perovskite screening is AgNbOs. It is not included
among the candidates of Fig. 8.2 because its CB position does not match with the
design criterion that includes the hydrogen overpotential. The other materials have not
yet been tested as water splitting photocatalyst.

The mobility of the photogenerated charges is another crucial issue and it can be
estimated looking at the hole and electron effective masses (Chapter 2). As shown for
the cubic perovskites (Fig. 2.9), the hole masses are heavy because the valence band at
the HOMO is almost flat, and, thus, the mobility is expected to be low. This is usually
an issue for the device because the electrons and holes might recombine before reaching
the surface and splitting water. This is the case, for instance, of hematite (FeoO3) which
has optimal bandgap and band edge positions, but a low photo-catalytic activity due
to a low hole mobility.®6 The electrons, on the other hand, are lighter and they seem
not to be an issue for the device. In general, the limiting factor is the hole mass rather
than the electron mass.

The effective masses of the proposed materials of Fig. 8.3 are shown in Fig. 8.4. The
electron masses are in general one order of magnitude smaller than the hole ones. Both
the electrons and holes of these compounds are lighter than the ones of the candidates
in the cubic perovskite structure. The cubic perovskite might have intrinsically poor
mobility. In fact, in the cubic perovskite the valence band is mainly formed by oxygen
2p orbitals with very little hybridization with the A- and B-ions, leading to flat shape
of the band and thus to a low electrons and holes mobility. This poor hybridization is
due to the highly ionic character of A and B ions since their most favorable oxidation
state usually is a closed shell structure. The structures investigated here are different
from the cubic perovskite; they might show a less ionic character and a higher degree of
hybridization, resulting in less flat bands at the HOMO and LUMO. All the proposed
materials have a smaller hole mass compared to hematite, which hole mass is around
1.8 m,. The hole mobilities might, thus, be high enough to overcome the problems
related to recombination present in hematite.

8.3.2 Two-photon Water Splitting

In the more complex two-photon mechanism, two materials with perfect matching of
their bandgaps are required. A detailed explanation of the device is available in Chap-
ter 3. The screening looks for an optimal material to combine with silicon, which results
in the following requirements:

e Bandgap: 1.3 < Egop < 3.0 €V;

o Band edges: CB < 0.86 €V (corresponding to the VB of silicon) and VB > 1.6 eV
w.r.t. RHE.

¥The reversible hydrogen electrode (RHE) and the normal hydrogen electrode (NHE) differs because
the former includes the effect of the pH in its definition, while the latter is defined at pH = 0. In the
previous chapters the effect of the pH was not included, but now, with the calculations of the Pourbaix
diagrams, the pH becomes a new variable. Despite of this the red-ox levels of water and the band
edges of the material will suffer from the same shift due to a change in the concentration of Ht-
ions. In fact, a change in the pH is followed by a change in the surface dipole in order to keep the
1/2Hg <+ HT + e~ equilibrium, and so effectively the Fermi level is shifted relative to vacuum. All
electronic levels, including the band edges, will respond in the same way to the altered dipole field, and
hence the identical shift and the fixed distance between the red-ox levels and the band edges
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Figure 8.5: The most stable materials to be used in the two-photon water splitting device.
(a) Each colored spot indicates the energy difference between the material and the most stable
phases (solid and aqueous) in which it can separate. The Pourbaix diagrams are calculated at
pH = 0 and for potentials in the working range of the device. (b) Shows the positions of the
band edges.

The Pourbaix diagrams of the resulting candidates are calculated for potentials in the
working region of the device and at pH = 0 and pH = 14. Acidic conditions are, in fact,
required to favor the drift of H from the photoanode to the photocathode where Hy
is produced. Basic conditions can be, instead, used to enhance the movement of OH™
ions.

Fig. 8.5 shows the Pourbaix analysis and the positions of the band edges for the
materials with the higher ranking in stability for the two-photon water splitting device
under acidic conditions. Under these conditions, the oxides are unstable in water where
they dissolve. The bromides, chlorides, and nitrides seem, instead, to be stable. It has
been shown that some of the candidates, like AgCl and AgBr dissolve in water, but they
can still be used as light harvesters if protected. Other materials, like AuBr, exhibit
only a low stability in water.

In a basic environment, the oxides become stable. Fig. 8.6 reports the Pourbaix
analysis and the band edge positions of the candidates for the two-photon device at
pH = 14. A few chlorides, bromides, and nitrides are found promising for the process.
Out of these materials, only SnO5 has been used as photoanode. Recently, it has been
used in a multilayer structure with BiVO, and WO3 with an efficiency of around 1%.87
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Figure 8.6: The most stable materials to be used in the two-photon water splitting device.
(a) Each colored spot indicates the energy difference between the material and the most stable
phases (solids and aqueous) in which it can separate. The Pourbaix diagrams are calculated
at pH = 14 and for potentials in the working range of the device. (b) Shows the positions of
the band edges.

All the materials proposed for the one-photon process can be also used for the two-
photon device, but with a loss in efficiency because of the too large bandgap compared
to the optimal value of 1.7 eV.

In the two-photon device described so far, the light first illuminates the oxygen
evolution photocatalyst where the high-energy part is absorbed. The low-energy light
continues to the hydrogen evolution photocatalyst where much of it is absorbed. The
situation can be reversed so that the light first hits the hydrogen catalyst (a large
bandgap material in this case) and the remaining will partially be absorbed by the
oxygen catalyst, with a smaller bandgap. The perfect matching for the size of the
bandgaps is still 1.7 and 1.1 eV, as shown in Fig. 3.3. The advantages of this scheme with
respect to the one previously described are: (i) there are already successful materials
for hydrogen evolution with a bandgap of around 2 eV (the oxynitrides in the cubic
perovskite structure,® for example); (ii) a protective layer for the photoanode can now
be metallic, since the light is coming from the opposite direction and has already been
absorbed by the photocatalyst.

The design criteria for an oxygen evolution photocatalyst that works, for instance,
with one of the oxynitrides, can be summarized at:

o Bandgap: 0.8 < Egop < 1.5 €V;
e Band edges: CB < 1.2 eV and VB > 1.6 ¢V w.r.t. RHE.
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Figure 8.7: The most stable materials to be used in the two-photon water splitting device.
(a) and (b) Each colored spot indicates the energy difference between the material and the
most stable phases (solid and aqueous) in which it can separate. The Pourbaix diagrams are
calculated at pH = 0 and pH = 14. The same materials are identified as candidates for the
two investigated pH. (c) Shows the positions of the band edges.

The Pourbaix diagrams at pH = 0 and pH = 14 and the positions of the band edges
for the identified materials are shown in Fig. 8.7. The identified materials are the same
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at both pH = 0 and pH = 14 (Figs. 8.7a and 8.7b, respectively). None of the proposed
materials has so far been used for water splitting. This process is optimal for obtaining
high efficiency in the case of a large bandgap material used as a photocathode. In
addition, a few transparent protecting layers for the photocathode, like TiO2,”? have
recently been developed. If needed, the protective shield for the photoanode does not
have to be a large bandgap semiconductor because the solar radiation has already been
absorbed, but it has to be just a highly stable material with activity for oxygen evolution.
Silicon can be used for evolving oxygen, with an appropriate pn-doping that shift its
band edges. Silicon, with an appropriate pn-doping that shifts the band edges, can now
be used for oxygen evolution.

With this mechanism, a hydrogen evolution photocatalyst should have the following
properties:

o Bandgap: 1.4 < Egop < 3.0 €V;
e Band edges: CB < —0.1 eV and VB > 1.3 ¢V w.r.t. RHE.

No materials are found with these parameters and an energy threshold of 0.8 eV /atom
once that the Pourbaix analysis is applied.

8.4 Protective Transparent Shield

A transparent protective layer is necessary when the photocatalyst corrodes in presence
of water. Here, the two shielding mechanisms described in Chapter 3 are considered
together. The screening criteria for the protective layer of the photoanode and photo-
cathode are:

¢ Photoanode TS:

— Bandgap: Eg.p > 3.0 €V;
— Band edges: 1.3 < VB < 2.0 eV w.r.t. RHE.

e Photocathode TS:

— Bandgap: Egap > 3.0 €V;
— Band edges: —0.4 < CB < 0.3 eV w.r.t. RHE.

The Pourbaix diagrams are calculated at pH = 0 and pH = 14 and for potentials in
the working region of the device, i.e. covering the window for the criterion on the
valence or conduction band. The shield usually has to work under very acidic or basic
conditions, needed to enhance the drift of HT or OH™ ions. A ranking of the candidates
is not enough here, and an energy threshold of 0.5 ¢V /atom has been set to account for
metastability, inaccuracy in the calculations, and reaction kinetics.

No materials are stable for the shielding of the photoanode. If the energy threshold
is increased to 0.8 eV /atom, four materials (CsAuO, RbAuO, RbyPbO3, and Li4PbOy)
are stable against dissolution at pH = 14, but they all dissolve at pH = 0. The positions
of the band edges for the stable materials, at pH = 0, to be used as transparent shielding
of the photocathode are shown in Fig. 8.8. Only PbBrF, HgBr, and HgCl are stable
at pH = 14. None of the proposed materials has so far been used as a transparent
layer. TiOs is not in the list because it does not fulfill the criterion on the positions
of the band edges. It seems that oxides are more interesting for the shielding of the
photoanode, and alogenates are promising for the shielding of the photocathode. In
general, a deeper investigation on the (photo-)corrosion problem is necessary and will
be performed in the future.
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Figure 8.8: The positions of the band edges for the candidates for the transparent shielding
of the photocathode at pH = 0.

8.5 Summary

In the present chapter, the focus has been moved from designing new materials to provide
the missing information of experimentally known crystals. The bandgaps of around
2200 structures present in the Materials Project database'® have been calculated using
the GLLB-SC potential. For 20 materials, the bandgaps obtained with the GLLB-SC
potential and GoW@QLDA have been compared and show a reasonable agreement.

The bandgaps can then be combined with a stability analysis based on the calculation
of Pourbaix diagrams and with the evaluation of the positions of the band edges to screen
for materials to be used for one- and two-photon water splitting and for the transparent
shielding of the photocatalysts. In total, around 80 materials have been proposed for
the different applications. Stability remains a crucial point for the design and the use
of new materials.

This chapter is based on an open project and more structures will be calculated in
the future. In addition, a deeper investigation of the present and future technological
use of the different materials is required.
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Chapter 9

Thin Film Solar Cells

Another method to obtain energy directly from Sun is through a photovoltaic cell, that
converts solar light into electricity. There are several ways to build such a device: single-
and multi- junctions, single- and multi- crystals, thin films and organic cells. The highest
efficiency achieved in these days is 44% and was obtained using a three-junction cell.

In the present chapter, new materials for thin film solar cells will be investigated.
The main reason to choose a thin film PV cell to a standard PV cell is to reduce the
amount of material in the device and thus to reduce the cost. All the materials studied
here are already experimentally known and available in the ICSD database.*® The
structures have been optimized using DFT simulations.!6

The bandgap is again a starting point for selecting interesting materials, but alone
it is not a sufficient descriptor for the efficiency of a photovoltaic cell.®® There are, in
fact, other optical properties, for instance the type of the bandgap (direct or indirect),
the shape of the absorption spectrum, and the existence of forbidden transitions, that
must be taken into account in evaluating the theoretical efficiency of a cell. Most of
these information are available once the absorption spectrum is known. The absorption
spectra of around 70 materials with a bandgap between 0.5 and 2.5 eV have been
calculated®.

9.1 Theoretical Background

Time-dependent Density Functional Theory (TDDFT) is used to calculate the absorp-
tion spectra. In TDDFT, the electronic properties, such as excitation energies and os-
cillator strengths, are obtained through the density response function, x(r,r’,w), which
is defined as on(r,w) = [drx(r,r’,w)dVex (v, w).

With planewave expansion, y can be written as:

BZ
1 . . ’7 ’
(v w) = =5 > > eI M ygar (g w)emTET (9.1)
q q GG’

where N, is the number of g vectors in the Brillouin Zone (BZ), € is the volume of the
real space unit cell, and G and G’ are reciprocal lattice vectors.

*The calculations of the absorption spectra are computationally expensive. For this and other
reasons, the set of the calculated materials is around half of the amount of the structures of interest
for the screening. The missing compounds will be calculated in the future.
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For interacting systems, the density response function can be calculated by solving
the Dyson-like equation

XGG’(CLW) = X%G’ (qvw) + Z X%Gl (q’ W)KG1G2 (q)XGzG’ (qvw) ) (92)
G1G2

starting from the non-interacting density response function of the Kohn-Sham system,
x?, and the electron-electron interactions described by a kernel, K. The off-diagonal
terms of x& g/ represent the response of the electrons for q different from the external
perturbing field and thus describe the inhomogeneity of the response (local field effect®?).
K can be divided into a Coulomb and an exchange-correlation term:

47

K& = ———0c,G, 9.3
Gng(q) |q+G1|2 G1G2 ( )

for the Coulomb part and

xe— 1 ~i(G1—Ga)r
KM a) = 5 [ defucln(ole (627 (0.4)
and
O?E,.[n
fucln(s) = 222 (95
no(r)

for the exchange-correlation (xc¢) part in the Adiabatic Local Density Approximation
(ALDA).
The microscopic dielectric matrix is defined as:

_ 4dm
fc,lc,/(%w) =dgae + WXGG/((LW) . (9.6)

Many properties like the absorption spectrum and the energy loss spectrum are described
by the macroscopic dielectric function:

1

. (9.7)
6001 (q,w

em(q,w) =

The absorption spectrum that is used as a descriptor for the efficiency of a thin film
cell is given by Imep (g — 0,w). A more detailed description of how the linear response
function is defined and implemented in GPAW is provided in Ref.%°

9.2 Results

A good absorber shall have a bandgap in the visible range. As shown by Shockley
and Queisser,”! the ideal maximum efficiency per photon achievable by a PV device is
around 33% and above 10% in a range between 0.5 and 2.5 €V (the maximum efficiency
as a function of the bandgap is indicated by the red curve in Fig 9.1). Despite of this, the
bandgap is not a sufficient descriptor for the efficiency, since it does not include relevant
features of the absorption spectrum. For example, silicon has a bandgap of 1.1 eV, which
is perfect to achieve the highest efficiency, but it is an indirect gap semiconductor (with
a direct gap of around 3 e€V) and, thus, a thick material is required to absorb a relevant
part of the solar spectrum since phonons are required to conserve the momentum. An
efficiency of only around 1% can be obtained with a silicon thin film of thickness 0.5 pm.
Amorphous silicon is used in a thin film cell because of the random orientation of
the crystals inside the material and creates phonons that permit the absorption of the
indirect transitions. Thick crystal silicon is instead a standard material for conventional
solar cells (with a thickness of 5um, the theoretical efficiency gets above 32%).
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Figure 9.1: Calculated efficiency as a function of the bandgap for a single-layer cell of thickness
L = 0.5um (red circles) and 0.2um (green diamonds). The highest efficiency is around 33%
and is obtained with a bandgap of 1.3 eV. The inset shows the materials with an efficiency of
more than 25%. The labels correspond to the id of the materials in Table. 9.1. The SQ limit
is shown in red.

In the Materials Project database there are several hundreds of materials with
bandgaps in the window 0.5 — 2.5 eV. Since the calculation of the absorption spectrum
is in general more expensive than the calculation of the bandgap, only the materials
formed by cheap and technologically interesting chemical elements have been consid-
ered. These elements have a world production of, at least, 33 kton/year and are in the
greenish region of Fig. 9.2. This criterion reduces the number of materials to investigate
to around 120. The other compounds might be of interest, especially in the case of a
thin film cell which does not require much materials. This additional investigation is left
for future work. The absorption spectra of around 70 materials have been calculated so
far using the ALDA approximation and including the local field effects.

A photovoltaic cell works in a three-step process: (i) absorption of light and gener-
ation of electron-hole pairs, (ii) separation of charge carriers, and (iii) extraction of the
carriers to an external circuit. The focus here is on property (i), i.e. finding an efficient
light absorber. The separation of charges is usually obtained using a pn-doping inside
the semiconductor.

The efficiency of a PV device, 7, is the ratio between the output power, P, and
the incident solar power, P, ~ 1000 kW /m?:

_ Pout

=5 (9.8)

The output power is given by the product between the current density and the output
voltage (or photovoltage). The current is simply the short current density and the
output voltage is the indirect bandgap of the material corresponding to the energy
difference between the extracted electron and hole. The losses that occur in a cell are
taken into account by looking at the difference between the Shockley-Queisser (SQ) limit
without losses (maximum efficiency around 48%) and with. This gives an estimation of
the losses as a function of the bandgap that is used to reduce the estimated efficiency
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Figure 9.2: World production of the chemical elements in 2010. Solid circles indicate an atom
which is a main economic product, while open circles indicates atoms which are by-products
of other elements. Figure from Ref. [92].

of each candidate. The short circuit current density, Js, is given by:

— / h a(E)Lun(E)dE (9.9)

Egap

where e is the elementary charge, a(F) is the photon absorptivity, and Iy, (FE) is the
solar photon flux (at standard AM1.5G) and Eg,p, is the bandgap. In a thin film cell,
only the photons above the direct bandgap are absorbed since the indirect transitions
contribute to the absorption only through phonons which are very weak in a thin film.
Eg,p is thus the direct bandgap. For a thick material, it is assumed that all the photons
above the indirect gap are absorbed because the phonons are stronger.

The photon absorptivity depends on the absorption coefficient, «(F), and on the
thickness, L, of the absorber:

a(E) =1— e 2B (9.10)
a(FE) is then obtained from the calculated absorption spectrum:

_2E

a(F) = T

k(E) (9.11)

—atyeit+e d h land i ;
o) (e1 and €5 are the real and imaginary

where c is the speed of light, and k2 =
part of the dielectric constant, respectively).

Fig. 9.1 shows the calculated efficiencies as a function of the bandgaps for a single-
layer thin film solar cell of thickness 0.5um (red circles) and 0.2um (green diamonds).
The efficiencies increase with the thickness. 17 materials have an efficiency larger than
25% (shown in the inset and listed in Table 9.1). Crystal silicon has a very weak
absorption (efficiency of around 1%), because even though it has the optimal bandgap,

TThe absorption spectra are calculated for a single unit cell. The thickness enters only in the equation
for the photon absorptivity (Eq. 9.10).
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Id Formula Materials Bandgap [eV] Efficiency

Project Id
4 Sr(ZnP)s 8276 1.4 26.3%
17 ZrCly 23162 1.6 27.6%
19 MnP, 487 1.1 29.8%
20 WBrg 504993 1.8 26.6%
22 TiBrN 27849 1.7 28.9%
23 MgP, 384 1.4 29.2%
26 CuO 361 1.0 31.5%
38 Sr3SbN 7752 1.6 28.3%
39 CuP, 927 1.6 27.3%
44 ZnSiAs, 3595 1.6 28.5%
46 K(MoS)s 8116 1.5 28.7%
47  BasCu(POy)s 9372 1.5 29.5%
53 KZrCuS3 9317 1.7 28.3%
54 BaP3 7808 1.6 26.3%
58 TiNb3Og¢ 29699 1.3 27.8%
68 K5NiAs, 9673 1.5 30.2%
69 TiNCl 27850 1.7 28.3%

Table 9.1: The identified materials to use in a thin film solar cell with an ideal efficiency
above 25%. The full list of the calculated materials is included in Appendix B.

its gap is indirect and thus is not used in the thin film technology. Nowadays, silicon
seems still to be one of the most convenient material for common photovoltaics with
respect to the other materials proposed here. The silicon fabrication technology is
mature and the cost of the energy obtained through a solar cell is competitive compared
to the energy generated by fossil fuels.

Cuz0 has recently been used with ZnO to form a cheap solar cell with an efficiency of
less than 2%:;%3 MgP4 and CuP; have also been used? and ZnSiAs, has been proposed
in the late 70s to use with silicon with an efficiency above 23%. None of the other
materials listed in Table 9.1 have been used so far in a thin film solar cell.

One of the approximations made is that the output voltage is equal to the indirect
bandgap. In a real device, this value is reduced by around 0.5 V. For silicon, the highest
output voltage so far obtained is 707 mV,% around 0.4 V lower than its bandgap.

As for the water splitting process, the efficiency of a photovoltaic cell can be increased
by combining thin film layers in the so-called tandem cell. The simplest tandem cell is
composed of two layers each absorbing a photon. The diagram of a tandem cell is shown
in Fig. 9.3. Part of the solar light, coming from the left, is absorbed by the top-cell
with a larger bandgap and an electron-hole pair is created. The rest of the light goes
through the top-layer, and is partially absorbed by the bottom-cell. Both of the cells are
designed using a pn-doping of the semiconductors, so that there is a driving force that
moves the electrons and holes in the right place to facilitate their extraction from the
cell to the circuit (properties (ii) and (iii) listed above). In fact the electrons need to go
from left to right in the figure, and opposite for the holes. The connection between the
two cells is usually made by using a tunnel junction. The tunnel junction prevents that
the p-doped region of the top cell is directly connected with the n-doped region of the
bottom-cell. Without it, the photovoltage would be lower because of the pn-junction
with opposite direction to the others would be created in the region of contact.

Since the two cells are connected in series, it is required that the output currents from
the two cells are equal and so their mismatch has to be minimized to achieve a high
efficiency. In the most favorable case, where the quasi Fermi levels are not included
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Figure 9.3: Band energy diagram of a tandem photovoltaic cell. Silicon is the bottom-cell.
Figure adapted from Ref. [45].
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ciency achievable once the bottom cell is chosen. The blue line corresponds to the experimental
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in the calculation of the efficiency, the output voltage is simply the sum of the two
bandgaps, where the correct level alignment can be pursued by means of an appropriate
pn-doping. In a tandem cell, the output current is lower than in a single-layer cell but
the photovoltage is higher and the maximum theoretical efficiency can overcome 45%,
as shown in Fig. 9.4. Several semiconductors can then be grown together to form a
multi-layered cell. The ideal maximum efficiency increases with the number of layers
(46% for two, 52% for three, 55% for four layers,”® and up to 68% in the ideal case of
infinity-layer cell®7).
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Figure 9.5: Efficiency as a function of the bandgap for the single- (red circles) and double-

layer cell (blue squares). The thickness of the candidate layer is 0.5um, and the one of the

bottom layer of silicon is 5um. The efficiency of a single-layer of silicon with thickness of 5um
is indicated with a black diamond. The SQ limits for the single- (SL, in red) and double-layer

(DL, in blue) are drawn too. The labels correspond to the id of the materials in Table. 9.2.

Id Formula Materials Bandgap [¢V]  Efficiency Efficiency
Project Id Single-layer  Double-layer
17 ZrCl, 23162 1.6 27.6% 39.9%
20 WBrg 504993 1.8 26.6% 45.7%
22 TiBrN 27849 1.7 28.9% 45.7%
35 KPs 8262 1.9 24.5% 39.1%
38  Sr3SbN 7752 1.6 28.3% 40.1%
44  ZnSiAss 3595 1.6 28.5% 40.0%
48  NaSbSs 5414 1.9 15.4% 38.0%
53 KZrCuSs 9317 1.7 28.3% 47.5%
54 BaP3 7808 1.6 26.3% 39.2%
66 SnS 2231 1.8 23.3% 42.5%
69 TiNCl 27850 1.7 28.3% 47.5%

Table 9.2: The identified materials to use in a thin film solar cell with an ideal efficiency
above 35%. The full list of the calculated materials is included in Appendix B.

In the present chapter, only the case of two layers is considered. A thick layer of
silicon (thickness equal to 5um) is one of the best semiconductor to use as a bottom
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Figure 9.6: Efficiency as a function of the thickness of the top-cell. The bottom-cell is
composed of a layer of 5um of silicon. The color of the dots indicates the size of the bandgap.
The ids of the materials with an efficiency larger than 35% are indicated.

cell for the same reasons as in a two-photon water splitting device, namely because of
the optimal bandgap and the advanced fabrication technology. The screening searches
for the optimal material to use as the top cell, with a thickness of 0.5um.

Fig. 9.5 shows the efficiencies for the double-layer cell (the ones for the single-layer
are also indicated for completeness). 11 materials have an efficiency of more than 35%.
The best performances are obtained from materials with a bandgap of around 1.7 eV.
4 compounds (WBrg (indicated by the id 20 in the figure), TiBrN(22), KZrCuS; (53),
and TiNC1(69)) have an efficiency of more than 35%. As in the case of a single-layer,
the real output voltage achievable is lowered by around 0.4 V per semiconductor, and,
thus, the efficiency will be reduced.

Apart from the already mentioned ZnSiAs,,”® SnS has already been used in a one-
layer thin film solar cell with an conversion efficiency of 1.3%.%° Except ZnSiAs, that
has been used in a layer with silicon, none of the other proposed materials has been
used in a tandem cell. Some of the problems related to these materials might be the
possibility of an efficient pn-doping to enhance the charge separation, the presence of
defects in the crystal, and a fast recombination of the generated electrons and holes.
All these issues have not been investigated here.

As described before, the theoretical output power of a multi-layer cell is given as
the product of the sum of the bandgaps with the minimum output current. The excess
current produced by one or more semiconductors is thus wasted. The photon absorp-
tivity (Eq. 9.10), can be tuned by optimizing the thickness of the top-cell to pursuit the
highest possible efficiency. Due to the indirect bandgap of silicon, it is not possible to
optimize its thickness since the absorption spectrum does not take into consideration
the phonon contributions to the absorption. The thickness of silicon is 5um, when all
the photons above the indirect bandgap are absorbed.

Fig. 9.6 shows the efficiency as a function of the thickness for the considered ma-
terials. The bandgaps are indicated by the color of the dots. 12 materials have an
efficiency of more than 35% (11 are the same of Table 9.2, and Sr3P4). 4 of them have
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the highest achievable efficiency for a thickness of more than 0.5um used in Fig. 9.5.
The thickness of the others can be reduced with respect to 0.5um because of the high
absorption properties. The reduction of the thickness is directly related to a lower cost
in the production of the cell.

9.3 Summary

The absorption spectra of 70 potential materials for applications as thin film solar cells
have been investigated. 17 compounds have been proposed to be used in a single-layer
solar cell, and 11 have potential to achieve high efficiencies when used in a double-layer
device with silicon. The possibility of reducing the cost of the cell by an optimization
of the thickness of the top-cell has been investigated.

In the future, the absorption spectra of the other structures available from the Mate-
rials Project database will be calculated. A more detailed investigation of the different
technological applications for the studied materials will be also performed.
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Final Remarks

In this work, 23000 materials have been screened for water splitting applications: 2000 in
their experimental crystal structure and other 21000 in their potential structure (cubic,
double, and layered). The criteria determining the usefulness of a material have been
based on stability, size of the bandgap and positions of the band edges. A compound
has been considered stable looking at the possible experimental materials in which it
could decompose. The bandgap evaluation has been performed using the GLLB-SC
potential that gives reliable results for bandgaps at a low computational cost. The band
edge positions have been calculated using an empirical formula. The problem of corro-
sion has been studied using Pourbaix diagrams and combining DFT with experimental
information.

The screening has been able to identify the already known compounds used for
one- and two-photon water splitting. In particular, for the cubic perovskite structure,
20 materials (of which 7 are already known) have been proposed for the one-photon
device, and 12 (4 are known) for the two-photon mechanism. The problem of finding
new materials for transparent shielding of the photocatalyst has been addressed. The
cubic perovskite has also been the test ground for an evolutionary algorithm in order
to investigate which are the most important parameters to obtain the best performance
from the algorithm. The performance has been defined as the number of simulations
needed to find all (or a subset) of the identified candidates. A good elitism and fitness
functions are fundamental to get the highest performances from the algorithm.

Low symmetry perovskites, like double and layered perovskite, have been studied
with focus on how to tune the bandgap. For the double perovskites, the bandgaps can
be tuned by an opportune combination of the metal atoms in the B-ion position, and
for the layered structure, by the B-metal ion and the thickness of the octahedra.

One of the limitations of this study is the focus on few crystal structures. However,
this has been partially overcome by considering already experimentally known mate-
rials from the Materials Project database. The descriptors used in the screening are
stability with respect to solid and aqueous substances, calculated using the Pourbaix
diagrams, bandgap size and position. Considering all the different applications, around
150 materials have been proposed for further theoretical and experimental investigation.

A photoelectrochemical cell is promising for the future. Nowadays, photovoltaics is
the standard technology for solar cell. The problem of finding new materials for thin
film solar cells has also been addressed calculating the absorption spectra of 70 relevant
compounds. 17 materials have potential to be used in a single-layer device, 11 in a more
complex double-layer cell.

A good part of the data used for this thesis is available in the Computational Mate-
rials Repository. It is, in fact, crucial to have a fast and an easy sharing of the data to
contribute to a development of new technologies.

In future work it would be natural to combine the approach proposed here with struc-
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Final Remarks

ture prediction tools to widen the scope of the materials search even further. There are,
in fact, many low symmetry structures that can be investigated for the different appli-
cations. The layered perovskite, in particular, seems to be a very promising structure
because of the possibility of combining different layers to obtain the desired properties.

Other aspects will be investigated in more details. For instance, the evaluation of
the band edge positions can be done with more sophisticated methods than using an
empirical formula. The role of the mobility of electrons and holes can also be studied
more in details. The crucial descriptor remains the stability: a more deep investigation
of the corrosion and photocorrosion problem will be performed.
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Appendix A

Calculated Bandgaps of the
Materials Project Entries

This Appendix contains the values of the bandgaps of the calculated structures from
the Materials Project database!® and already described in Chapter 8. The additional
information available in the table are: chemical formula, id of the structure in the
Materials Project database, and indirect and direct bandgap.
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Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix A. Calculated Bandgaps of the Materials Project Entries

06691
LGT6
8G6.L
9¢cs
09¢€V
T€00€
96¢0T1S
GT16.LC
€EVVe
80€8T
6506
89¢C¢EC
€970¢
I8V.LT
¥09.L
6066¢
€L88¢C
VLLLT
6€GLT
CLBL
€€99
9TV S
L28
LT6TT
089L
€928
CL88
8VEY
01021
G901€
L8EV
[4444
0€L€C
€98€T
86LET
S¥60¥S
(0] 2°14
60€€C
88CLT

¢NOm wmo Tmm
€01V €M
coeT
(oL
€APDEN
crepn
mommw,mz
€0ag ey
€0PSHM
g(rOd)euzeD
90®'LITTI
TeN
9.4qdeD
60%eLVSIN
EANESIN
09%17egq
€01gsD
roeDEr ey
A0SV3I
coeIqy
NSO®EN
£0os%eN
ENM
Z(Ned)SIN
202894
€0gCeN3
€0deeNay
949SLL
YOageg
£(£00g)%o8
BORVASS
YIDJH
EHSINEN
€0dDeg
9ALLeNM
roepHErIeeN
g(01D)S
€[D98
vQIguzery

daaaaaaaaaOaRRNeamae
FTFFFF IS A A F

¥056¢
c0¥6¢
G9€8¢C
TLI8C
¥9LLC
L91€C
8T168T
9299
LE9G
STV
0898¢
VeLLe
921€T
¢L0€C
8V1L
06€
8LEVT
c0L6
y€001S
6C8L¢C
98€6
€4¢1
LL8TVS
€€00TS
€67509
6€¢0€
C986¢
GL6CC
£88¢C¢
81701
878
966409
Gav6¢
C8.L8¢C
LTGET
061
89€¢CT
6960T
Gaes

A1
ey
conyfeN
01831
60°1731
DLL
TOMUZ
£09S2DeN
tQuzig
ageD
EIDONCA
vsdd
9017sV
oigrg
RIOLARIND |
COLL
€LV €M
£0dde1s
2OSVA
91D9s%qY
Zogenys)
ageq
6ID2LeL
rgen Iy
eNg®eT
g(egqg) g
crgug
9[DPLEAY
Zrad
20989y
¢ouy,
ESCRS |
809D 7eD
vSdfeN
€1qdaY
EOAI'T
9AN®SqS
ENOPD
941 d®D

e e e
oL RN NN NN EEEE N0 a e S R R R R R NN RS
A AN A A A A A AN AN A A AN AN A A A ANAA AN AN NN NANANANANNAN
docdaddaddadddddaddadddddddadcdcdaddaddaddddadadadadadaa
VOOOVOOOOOOOVOOOOOOOLOVYYQOOQN I InIn s Is I I I
A A A A AN AN A A AN AN A AN AN AN AN AN ANANANAAANANANANANAANATANANANNNNANNANAN

18T.LC
Va1ec
ovIEe
948¢¢
€2ECC
LV1CC
9G1I8T
9486
8064
9649
868¢
¢S€0e
£€V€0¢
LG607S
96€6¢
€601¢€
166
€906
L00¢¢
86¢C6
0€88
98TV S
LV9LT
L6ELT
Lv01¢
98E€L
Sv0g
0e0v
44313
16¢¢
cI61ve
(4414t
6779
96.8¢
CI9ELT
LTEST
GOEST
€CITT
€98L

YOOV
g
ISSHSY
ggtig
mO NQH
£€5qdIH
Yogded
£0G17,28D)
YoLuZey
SYSINeN
g(zony)ed
90cusfeqg
tonyeN
RICIRS)
£0qdeny
§e8y
€SSV ELL
a8qy
8ggursp
g(zony)Ig
COYHeN
vogqd s
fony
f1gag
vOeuIp)
7A8VeN
€genug
rgE1deqy
€3qs3y
NEIT
NIgIZ,
vAPdIS
g(egnp)IspD
g(rony) g
Z(1DS)IN
£JqugfeN
Togsyeqy
€9GSHASD
£0%ugeqy

N N N N N N N N N N N N N N N N N SN N TN N N N SN N N N SN SN SN SN N N S N N N N
Ao aeoTIIRINaee A,

979¢
9.0¢
L0v8
6€6L
G8¢1
07950¢
9€8T
9618
6696¢
9€EET
E€V6.L
¥06L
67941
88¢C
cIvS09
8756
8€6
G9L61
9684T
19961

SSVOD
cogny
£01dr1
Yo 3H e
£0Uye1
02D EIg
fTeTeq
e(1g8In)®D
1gTegSLL
Jur
YOaqveN
rdgeqg
SaLnD®
mwmsOgNmO
oduze]
1) mmm
3LPD
IS
nYJqSIN
eqSESIN
mompN
eqeTery
C9GqN®eN
¢0rd
esye]
9SIL
esyenteg
90OEqNLL
89,9059y
SYI'T
app
I[esy
S1d
myry
sYoD
CARY)
Vol 8HeUL
gagenprg
mOwom

96



£€886¢
€9V8T
98GLT
GTELT
TL89T
9¢SVT
0L0¥1
T.L88
1678
Ge0L
0262
V16
86CCC
800409
EVALT
GLEET
LG661
VIv81
0€6¢c
668¢¢
08781
GTEST
TOV0T
€18
VL
(455
C8ELT
0881
C0SG8T
08481
€L8T
0€CLT
C6EET
0478
6059
cLVT
6062¢
€L68
6E8LT

S109d¢q4
YOduzqg
L0%sPD
eLIO®ILEIZ
L0%epDIZEN

£(YOeD)GYH eN

cOIvaQy
€0deNsD
LOedquyr
ATOSVSINED
EOIVeT
£028eN
rOsqd
g(t01g)ed
YOPDABN
S[ONA
fodgene]
f0ogeeTed
DPOTAY
I'I
90rIce) RN
LOTg9sD
9quG?(L,
YQIDLITeSD
ENQY
¢OJH
60USEISTqYy
€498
60ustIgeq
YOMT
equy,
908%sv
DPOTI
Yoo erIqy
ArOeD eI
018
g[puy,
ENCISEN
g(rOog)eNEN

GLTS
€8CTVS
0€8L¢
G006T
76.LG
c6L0VS
9I8LT
8TGLT
16EV
88¢CE
16LCVS
V1vs0s
0L28¢
8VI8T
S8VILT
906
0€8¢
8296¢
L298¢C
61¢8C
8618¢
G8ELC
€T14C
LEOET
GE6CC
GTI88T
6664T
G667
8E8E
6€0T
9¢¢0T
T180T
g16e
croe
61701
887109
L8E6T
6€807¢
L498709

coureN
rigenuy
ﬁO@WNwO
14 ﬁo.>>©>
g(coen)uz
c1gegean)
f0sV “eN
EN®BICIS
Lgegey
CONSD
ION1Z
vQuySeN
SN
vSeLEM
gagen feN
941d %D
me<mmZ
rgugveN
0ocgrsy
£1gpPOLL
TTuIqy
VIDILM
YOUuIA
€1D9dsD
A1dSD
EOAM
egny Erry
€0qSI'T
YNPY T
QL3N
CSABN
£(eNg) V1SN
tOSHed
¢onpHag
ENPYTEN
gxgsyee)
YOMPD
€19dsD
0I1g €y

o e
000000V RRLNN0TTRSTTT NN L0000 %X 060600600000
AN A A A A A A AN A A A AAN AN NN OHDOH NN AN AN AN NN
dodadddadddddadddddaddddsdsdsdddddddddadadadadadaaad
Bobm bs Ds Ds Ds D s BB b bs B D Ds D B s D B B B B B D D00 00 00 90 90 90 00 00 00 00 00 00 %0
AN A A A A A A A A AN AN AA A AN AN AN AN AN

£€CV8C
0€T8C
€ELIC
946¢0¢
LOLLT
€86€T
T6VCT
¢ce0T
868
298
€109
84y
cIvy
€991
8GGeT
CLIT
7946
craece
CCasS1
€L96
61CL
cove

€102VS

GLI8C
¥00¢
900€

88GTVS

12607¢
L8V6¢
¥v68¢
0LLLC
6€9.LC
G9€1¢e
8€60¢
€006
E€V9L
6064
T16¢17S
2900€

N@W®,H N,mmu
€S9SIL
¢(zogur)I1g
cqur€yf
e€qugleNes)
94pduyz
€91, pOeISD
eNJH®I
ENINSD
mo Ncm NM
g(togny) el
€0dELL
vOgagrer
CLAM
SYSINI'T
SYIV
e(sVSIN)eD
YOMESH
PagnOANZqY
syodeN
€ag1z2eN
ISeN
vlageazvqy
¢(£1D08)pPd
LagegleN
83€pded
€0SHA
vanpsH
SOPA
0oL
10U
g1
€5qGQur
8gSurqy
PagnDANEM
qs8vy ey
YLPDOV
ENOIN €N
91g1J48sD

NN AN AN AN AN AN AN SN AN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN SN N SN SN N N N N N
IR OQONNNMMNMOANNNNMNMNOOANITII I 00
HorA A A A A A AN A A A A A A A A A A A A A A A A A A A
o e e e e e e e N N e e e e N e e e e e e N e e e N e e e S e e N S e e e e
AAHAAAAANANMOORRNRNNMNNROARNNMNMOOANRNNMMONARNRNNN
A A A A A A A A A A A A A A A A A A A A A A A A A A A A~ A =~

11L6C
LTCLT
6L
8¢9
169
GaTIvE
0808¢
8€08¢
0L€LC
8€¢CET
VCSLT
9GGaT
6.C8
8¢
G9670<
GG9.LT
T0GLT
L6€6
ye8y
169¢
LIBIVS
¢c0€0€
60C6¢
€9¥8¢
LTEST
T08€T
81¥¢T
¥80L
899¢
90TT
C6G.L
L¥80¢€
C89¢€T
9€6.L
(44454
geve
€891
16981
V618

€9L0LL
E99D L,
qSeN

g(rosy)npeuy

agug
YSA
EETRSNGS |
SIgRT,AN
[4nyotg
L1¢eg,
esyopD
gsyeqy
g(dpp)ed
YIS
2(€41)9S
1%L
¢(%a108)eg
€agnDIIJH
duzeN
aSPD
€[OSAN
NIdIH
e(1g8n)ed
gInysp
f0%LLted
LO%deL
aDeDIS
15D IS
eJoDPD
1geIg
A8y
1dUSLL
¢Spd
CSANIT
gery
sQ%sy
€ogQ1y,
PagEINCqY
cgeneqg

97



Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix A. Calculated Bandgaps of the Materials Project Entries
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Appendix B

Theoretical Efficiencies of the
Thin Film Solar Cells

This Appendix contains the theoretical efficiencies and calculated bandgaps of the mate-
rials that might be used in a thin film solar cell, described in Chapter 9. The additional
information available in the table are the chemical formula, and the id of the structure

from the Materials Project database.

16

Id Formula Materials Bandgap Efficiency Efficiency
Project Id 1-layer 2-layer
1 K> TiSs3 28766 2.3 17.1% 25.7%
2 BP 1479 4.1 0.0% 0.0%
3 NaNbSq 7937 1.9 15.2% 31.3%
4 Sr(ZnP), 8276 14 26.3% 21.9%
5 ZrSs 1186 3.0 2.1% 2.6%
6 (0D 12957 2.2 10.7% 13.0%
7 Mg, Si 1367 2.5 2.6% 9.2%
8 NagP 1598 2.2 18.0% 27.2%
9 FeS, 1522 2.1 16.6% 28.9%
10 ZnSiP, 4763 2.3 12.2% 17.3%
11 ZnO 2133 2.4 14.0% 20.3%
12 B 160 2.4 6.8% 10.3%
13 NaNbO, 3744 2.1 19.9% 30.5%
14 P 157 0.6 14.6% 0.0%
15 NaCuOg4 4541 2.0 8.7% 15.3%
16 PbS 21276 1.5 0.4% 0.5%
17 ZrCly 23162 1.6 27.6% 39.9%
18 ZraSNo 11583 2.8 3.3% 5.4%
19 MnPy4 487 1.1 29.8% 0.0%
20 WBrg 504993 1.8 26.6% 45.7%
21 CuCl 22914 2.5 12.8% 18.4%
22 TiBrN 27849 1.7 28.9% 45.7%
23 MgPy 384 1.4 29.2% 18.6%
25 Sr(ZnAs)s 7770 0.5 13.5% 0.0%
26 CuO 361 1.0 31.5% 0.0%
27 Fe(SiP)4 9198 2.1 17.7% 28.2%
28 Nay,CuP 7639 2.4 12.9% 19.9%
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29 ZrSs 9921 2.3 8.5% 11.2%
30 NaSnP 29529 2.0 4.3% 6.3%

31 SisNiPy4 8311 0.9 22.9% 0.0%

32 I 23153 2.0 20.9% 34.9%
34 KZnP 7437 2.1 21.4% 33.6%
35 KyP5 8262 1.9 24.5% 39.1%
36 BasZnNs 9307 2.0 17.6% 23.9%
37 SrP 7931 2.1 12.6% 23.8%
38 Sr3SbN 7752 1.6 28.3% 40.1%
39 CuPs 927 1.6 27.3% 34.5%
40 VNCly 27868 2.2 14.0% 19.3%
41 MgB, 365 1.0 10.6% 0.0%

42 NaOg 22464 2.3 7.6% 11.6%
42 WS, 224 2.3 7.6% 22.1%
43 Si 149 3.1 1.2% 2.7%

44 ZnSiAss 3595 1.6 28.5% 40.0%
45 NbI;O 546285 1.4 23.0% 19.7%
46 K(MoS)3 8116 1.5 28.7% 27.3%
47 BagCu(POy)2 9372 1.5 29.5% 25.3%
48 NaSbS, 5414 1.9 15.4% 38.0%
48 ShaWOg 541435 1.1 15.4% 0.0%

49 SreZnNy 9306 2.2 12.0% 16.9%
50 BayNaCu(COs)s 6841 2.7 6.9% 9.2%

51 MgSiP, 2061 2.5 9.1% 12.2%
52 SrTiN, 9517 2.1 20.2% 31.3%
53 KZrCuSs 9317 1.7 28.3% 47.5%
54 BaPg 7808 1.6 26.3% 39.2%
55 NaP 7440 2.1 20.5% 32.2%
56 CusPS, 3934 2.4 13.9% 20.4%
57 BaSnOs3 3163 2.6 8.3% 12.2%
58 TiNb3Og 29699 1.3 27.8% 13.0%
59 LaZnPO 7060 1.2 17.1% 10.0%
60 TiCoSb 5967 2.2 10.9% 21.8%
61 KSnSb 3486 0.8 24.0% 0.0%

62 NaAsS, 5942 2.4 13.1% 18.5%
63 VCusSy 3762 2.1 17.0% 28.2%
64 KSb, 29055 1.1 21.5% 0.0%

65 Nb,SnOg 3324 2.5 11.7% 16.8%
66 SnS 2231 1.8 23.3% 42.5%
67 SrsPy 14288 2.0 20.9% 34.7%
68 K5NiAss 9673 1.5 30.2% 32.7%
69 TiNCl 27850 1.7 28.3% 47.5%

Table B.1: List of the calculated materials for thin film solar cell applications, with the
corresponding Id from Chapter 9 and from the Materials Project database, the bandgap, in
eV, and the theoretical efficiency for the single- and double-layer device.
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One of the possible solutions to the world’s rapidly increasing energy demand is the development of
new photoelectrochemical cells with improved light absorption. This requires development of
semiconductor materials which have appropriate bandgaps to absorb a large part of the solar spectrum
at the same time as being stable in aqueous environments. Here we demonstrate an efficient,

computational screening of relevant oxide and oxynitride materials based on electronic structure

calculations resulting in the reduction of a vast space of 5400 different materials to only 15 promising
candidates. The screening is based on an efficient and reliable way of calculating semiconductor band
gaps. The outcome of the screening includes all already known successful materials of the types
investigated plus some new ones which warrant further experimental investigation.

Introduction

The high living standard created in the world during the last
century is to a large extent due to easy access to cheap fossil fuels.
These resources are limited, and the ever increasing energy
demands, together with the CO, related climate problems, make
the development of sustainable energy technology one of the
most important problems of today.! Direct harvesting and
conversion of solar light to electrical energy in photovoltaic (PV)
cells or to chemical energy by photoelectrochemical (PEC)

“Center for Atomic-scale Materials Design, Department of Physics,
Technical University of Denmark, DK - 2800 Kongens Lyngby,
Denmark. E-mail: kwj@fysik.dtu.dk

*Center for Individual Nanoparticle Functionality, Department of Physics,
Technical University of Denmark, DK - 2800 Kongens Lyngby, Denmark
T Electronic supplementary information (ESI) available: Methods, Cubic
Perovskite Oxides and Cubic Perovskite Oxinitrides sections; Table 1, 2,
3; Fig. 1, 2. See DOI: 10.1039/clee02717d

reactions are the most obvious technologies to address this
problem. Conventionally, both technologies rely on light
collection in semiconductor (SC) materials with appropriate
bandgaps that match the solar spectrum in order to obtain high
energy conversion efficiency.>* Here, we demonstrate an effi-
cient, computational screening of relevant oxide and oxynitride
materials based on electronic structure calculations showing that
less than 1 out of 350 materials are realistic candidates for light-
induced splitting of water.

The tremendous increase of computational power over the last
couple of decades, in combination with methodological
improvements, has made it possible to guide the development of
new materials using first principles quantum mechanical calcu-
lations. Examples include the development of battery cathodes,’
the construction of semiconductor superlattices,® searching for
high stability alloys,” and, very recently, screening for high-
performance piezoelectrics,® for organic photovoltaics®'® and for
inorganic scintillator materials.!* Here, we show that a newly

Broader context

For almost 40 years, researchers have tried to identify semiconductors suitable for photoelectrochemical water splitting under solar
light. Investigations have focused on oxides and, more recently, on oxynitrides, due to their good properties with respect to stability.
Inspired by this, we have performed a comprehensive computational screening of more than 5400 oxide/oxynitride compounds in the
cubic perovskite structure covering 52 metals. The screening is based on criteria for stability and for the size and position of the
bandgap. The material should allow for collecting a significant part of the solar photons and be able to drive the uphill water splitting
reaction. The calculations of the bandgaps go beyond standard (semi-)local DFT and take into account explicitly the derivative
discontinuity providing realistic estimates of the gaps. We end up with 10 oxides and 5 oxynitrides as candidates for light harvesting
materials including AgNbOj3, BaSnO;, BaTaO,N, CaTaO;N, SrTaO,N, and LaTiO,N, which are well known in the water splitting
community. We suggest 9 new combinations for further experimental investigation.
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implemented density functional method allows for completely
new possibilities of screening material properties involving their
band gaps.

The properties determining the usefulness of a SC material as
light harvester in a PEC cell include'>'® (i) a band gap allowing
the utilization of a significant fraction of the solar spectrum; (ii)
well positioned band edges relative to the water redox levels; (iii)
high mobilities, allowing electrons and holes to reach the surface
and reduce/oxidize the targets before recombining, and (iv)
chemical/structural stability under irradiation. In addition, low
cost and non-toxicity are necessary properties. Numerous efforts
have been made to find an efficient material for splitting water
into H, and O, under visible light irradiation going more than 40
years back to Honda and Fujishima’s report on electrochemical
photolysis using TiO,," but so far the ideal material has not been
found.?

Here, we focus mainly on aspects (i), (ii) and (iv) mentioned
above, namely the search for stable materials with optimal, well
positioned, bandgaps. We consider metal oxides and oxynitrides,
due to their high stability, and we concentrate on the cubic
perovskite structure with general formula ABO; (space group
Pm3m), due to the large variety of properties and applications of
materials in this structure.’® We first consider the binary oxides
where much experimental information is already available. The
screening method is then applied to binary oxynitrides which
generally have better positioning of the bandgap for water
splitting compared to the oxides, but where much less experi-
mental information is available, making theoretical screening
necessary. Our study points to six new oxides and one oxynitride
candidate for water splitting which should warrant experimental
investigation.

Results and discussion

The first step is to find and validate an appropriate method for
calculation of oxide and oxynitride stabilities and bandgaps.
With respect to the stability, we use a standard DFT-GGA in the
form of the RPBE-functional.'® (Details of the methods used in
this paper can be found in the Methods section in the ESI ).

Reliable calculations of the bandgaps require a density func-
tional beyond GGA. We use the so-called GLLB-SC func-
tional'”*® which is demonstrated in Fig. 1 to predict the
magnitudes of the bandgaps of a selection of non-magnetic metal
oxides with different equilibrium structures'® within an absolute
deviation of 0.5 eV—an accuracy sufficient for the present
screening study. The computational cost of DFT-GLLB-SC is
significantly lower than for many-body perturbation techniques
such as the GW approximation and is crucial for the success of
the screening. We use the GPAW code?*?! for all calculations
presented in the following.

A cubic perovskite (see structure in Fig. 2C) consists of large
12-coordinated cations at the so-called A sites and small 6-
coordinated cations at the B sites. Compounds with different
combinations of cation charges in the A and B sites, e.g. 1 + 5,
2 + 4, and 3 + 3, have been found in nature. We consider all the
possible combinations of perovskites obtained starting from the
non-radioactive metals of the periodic table.

We define the formation energy, AE, of the perovskite metal
oxides as the energy difference in the following reaction:
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Fig. 1 DFT calculated bandgaps of selected oxides. Comparison
between the theoretical and experimental bandgap of non-magnetic metal
oxides in their most stable structure. The gaps are calculated using both
the standard PBEsol (blue triangles) and the GLLB-SC functional (red
circles). The dashed line represents the perfect matching between
experiments and theory. (Details of the calculations with a list of the
calculated oxides can be found in Table 1 of the ESIf).

A(s) + B(s) + 3H,0(g) — ABOs(s) + 3Hx(g). (D

We use water and H, as reference for O, instead of molecular
oxygen, because the material we are looking for has to work in an
aqueous environment. This choice is conservative with respect to
O, because water is more stable than molecular oxygen and
hydrogen by 2.46 eV per water molecule. The reaction energy is
calculated directly from the DFT total energies of the partici-
pating molecules and solids. We estimate the Gibbs free energy of
the reaction with water in the liquid phase following Nerskov
et al.* to be within 0.1 eV of the calculated DFT total energy
difference. We therefore simply use AE for the perovskite oxide
to estimate the stability relative to the two metals in their most
stable structures.

Fig. 2A summarizes the results for the formation energies per
atom and bandgaps for the 2704 investigated oxides in the
perovskite structure. In the figure, the square corresponding to
a given oxide containing two metals is split into two parts with
the lower, left triangle indicating the stability (from red to blue
with decreasing stability) and the upper, right triangle the
bandgap (Fig. 2B). The data are available in the database
Computational Materials Repository,® developed at CAMD, at
the web address http://cmr.fysik.dtu.dk/.

The stability of a compound can be seen to be the result of
three factors: (i) the sum of the possible oxidation numbers of the
two metals has to be equal to 6 since the three oxygen atoms in
the unit cell require 2 electrons each in order to form a compound
without free charge; (ii) the radii of the A and B ions have to be in
reasonable proportions and (iii) elements with low electronega-
tivity are preferable for forming bonds with oxygen. The last

This journal is © The Royal Society of Chemistry 2012
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Fig.2 (A) DFT calculated heat of formations per atom and bandgaps of perovskite binary metal oxides. (B) Each square represents an oxide with the
lower, left triangle showing the formation energy with red indicating stability (and blue instability) while the upper, right triangle showing the bandgap
with red indicating an advantageous bandgap in the range 1.5-3.0 eV. White indicates zero bandgap, purple indicates too small a gap, while yellow or
blue indicates bandgaps larger than 3 eV. The pure chemical elements are sorted for increasing electronegativity. (C) reports the unit cell of the cubic
perovskite structure. Data available at the web address: http://cmr.fysik.dtu.dk/.

factor is more relevant for the atoms in the A site due to the
nonequivalence of the A and B ion positions.

The second design criterion we focus on is the size of the
bandgap which we require to be in the range 1.5 eV to 3 eV. The
lower limit comes about as the water-splitting threshold of
1.23 eV plus ~0.25 eV to account for the electrochemical

overpotentials.>* A more realistic limit may be even higher since
the splitting of the quasi-Fermi level is smaller than the gap when
the SC is under illumination.?* However, for tandem cells the
lower bandgap limit is relevant.* Beyond the higher limit of
3.0 eV too little of the solar spectrum is left to be of interest.
Depending on construction of the solar cell device, the light
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capture in a cell may be thin or thick and we therefore perform
the search for either the direct or the indirect gap. The color scale
applied for the bandgap in Fig. 2 is chosen so that red indicates
a gap in the design window. Compounds with good stabilities
and gaps can thus be spotted as red squares.

We note that in accordance with Aguiar et al.,** the bandgap is
seen to decrease when increasing the electronegativity of the B
ion or when increasing the crystallographic symmetry by
adjusting the size of the A ion.

The stabilities and the bandgaps are somewhat correlated as
can be seen in Fig. 3, where the pale orange area indicates the
region we are interested in. It is a challenge to combine a small
gap with a high stability. However, quite a few of the compounds
with very small or zero bandgap also exhibit high stability. To
this group belong all the perovskites with an odd number of
electrons for which the bands at the Fermi level are not
completely filled or empty even if considering the possibility of
a spin up and spin down occupation.

At this stage the screening identifies 43 binary oxides which
fulfill the two design criteria: AE < 0.2 eV/atom and 1.5 <
bandgap < 3.0 eV where we allow for a small positive energy of
0.2 eV/atom to allow for mildly metastable compounds. Many of
the resulting candidates are in fact unstable towards a combina-
tion of restructuring and decomposition and we therefore expand
our pool of reference systems used to assess stability to include
not only the bulk metals but also the most stable single- and bi-
metal oxides in their equilibrium structures as listed in the
ICSD" and the Materials Genome?**” databases.

An additional criteria to stability and bandgap is the position
of the band edges: for evolving both hydrogen and oxygen, the
calculated gap should straddle both the hydrogen and oxygen
evolution potentials (horizontal lines in Fig. 4). To estimate the
band edges, we use an empirical method suggested and investi-
gated by Butler and Ginley*® and validated by Xu and
Schoonen.?” The scheme proceeds by positioning the middle of
the gap at Ey + (xaxsxo)"’, where Ej is the difference between
the normal hydrogen electrode level and vacuum (Ey = —4.5¢V)
and x,, denotes the electronegativity of the neutral atom M in
the Mulliken scale, and the two edges are obtained by adding or
subtracting half of the gap.

Heat of Formation [eV/atom]

3 4
Energy Gap [eV]

Fig. 3 Correlation between the heat of formation per atom and the
bandgap for the oxide (black circles) and oxynitride (red squares)
compounds. The region for candidates for solar light harvesting corre-
sponds to the orange area.
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Fig. 4 The identified oxides and oxynitrides in the cubic perovskite
structure with potential for splitting water in visible light. The figure
shows the calculated band edges for both the direct (red) and indirect
(black) gaps. The levels for hydrogen and oxygen evolution are also
indicated.

After considering the more stringent stability criterion and the
positions of the band edges the procedure results in only 10
binary oxides as candidate materials as indicated in the left part
of Fig. 4. (A more detailed list is found in Table 2 and Fig. 1 of
the ESI{ ). Some of these compounds are actually known to exist
in other periodic structures, but including those in the pool of
references does not change the list of candidates. However, two
of the materials (SrSnO3; and CaSnQs3) undergo lattice distortions
and thereby obtain larger gaps beyond the visible light absorp-
tion limit. Two compounds are already known in the cubic
perovskite structure: AgNbO3; and BaSnOs. Of these, AgNbO; is
well-known to split water in visible light in the presence of
sacrificial reagents,*® while BaSnOj3 performs less well because of
defect-assisted recombination.?' Tt can be noted that if we relax
the criterion on the bandgap we find oxides which can split water
in UV light. 10 materials, like AgTaO; and SrTiO;, which are
well known to split water in UV light,'> have a gap in a range
between 3 and 4 eV. To our knowledge no other cubic perov-
skites that can split water in visible light have been identified, and
we therefore conclude that the screening procedure performs well
and we turn our attention to the more unexplored territory of
oxynitrides.

The oxynitrides are especially interesting from the point of
view of the gap position relative to the energy levels for hydrogen
and oxygen evolution. This is because the valence band (VB)
edge is usually dominated by N p-orbitals which are higher in
energy than the O p-orbitals, that mainly compose the VB of the
oxides.

Using the same approach as for the oxides, we screen the
possible combinations of two metals in the oxynitride cubic
perovskite structure (ABO,N) using the same three design
criteria as for the oxides, where we now also include the most
stable single- and bi-metal nitrides (M N,, and MiMiNz) and the
single-metal oxynitrides (M,N,O.) in the pool of reference
systems. The chemical potential of a nitrogen atom is taken from
the nitrogen molecule.

Fig. 5 reports the results for the formation energies per atom
and bandgaps for the 2704 oxynitrides with the cubic perovskite
structure. As also shown in Fig. 3, the oxygen substitution is
followed by a general reduction in the size of the bandgap. The

This journal is © The Royal Society of Chemistry 2012
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Fig.5 DFT calculated heat of formations per atom and bandgaps of perovskite binary metal oxynitrides. The color bars are the same as used in Fig. 2.

effect of more general anion substitution especially in relation to
the size and the position of the bandgap is relevant for the design
of new materials able to split water. An investigation of those
effects will be performed in the future.

The resulting five best candidates are shown in Fig. 4 and in
more detail in Table 3 and Fig. 2 of the ESI.¥ Four of these
combinations are already known (BaTaO,N, SrTaO;N,
CaTaO,N and LaTiO,N) and perform well for hydrogen
evolution.*? In fact, these compounds are, to our knowledge, the
only cubic perovskite oxynitrides which have been shown
experimentally to split water. We take this as a strong validation
of our approach. The last compound, MgTaO,N, has not yet
been investigated experimentally.

Conclusions

In summary we have demonstrated that fast computational
screening with respect to stability and bandgap is an efficient way
to discover new light harvesting materials for water splitting. The
method is based on a special exchange-correlation functional
that produces sufficiently reliable bandgaps at low

computational cost. The method is verified by screening 2704
oxides with the cubic perovskite structure in order to find the best
candidate for photoelectrolytic hydrogen production by water
splitting. Ten materials, of which two are already known, fulfilled
the requirements set up in the screening. This remarkable result
shows the strength of the screening approach. We have continued
with screening of oxynitrides in the same structure and found five
possible candidates of which four are already known. To the best
of our knowledge, the set of 15 candidates coming out from our
screening includes all the compounds in the cubic perovskite
structure that are known to be suitable for water splitting. It
seems natural to move forward with the method for other
materials that are relevant for photocatalytic water splitting or
other related technologies, like thin film solar cells.
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Methods stable single-metal oxides and compare them with the DFT
energy of the combination in the perovskite structure. We

All calculations are performed for the primitive unit ceth-  consider a compound non-stable when the ABsDergy is
taining 5 atoms: 3 oxygen and 2 metals. Each simulation i$.2 eV/atom greater than the best outcome from the LP:
composed (_Jf two part: the optimization of the structure and AE — ABOs(s)+
the calculation of the bandgap.

With respect to the stability, Calle-Vallejei al.* have re-
cently shown that the trends in the heat of formation for esid +  3AXOy (S) 4 C4BxOy (5) +C50) , (1)

in the perovskite structure are well reproduced with Dgnsit
Functional Theory (DFT3 using the generalized-gradient- Where A and B are the bulk metalsx®, and BOy are the

approximation (GGA) in form of the RPBE-functioriafor single metal oxides included in the refergnces and O is sim-
the exchange-correlation energy. Even the absolute values PIY obtamgd from HO —Ha. The problem is solved with the
the heats of formation can be determined within a few tenth§onstraints:
of an electronvolt per metal atomWe have therefore adopted  ¢; +c3=1, Co+ca=1, Gs+C+cs=3, (2
this scheme for the calculation of stabilities. . .
o . . forthe A, B metals and oxygen, respectively, to obtain the pe

For each combination, we scan for the optimal lattice pa- . s = .
rameter, relax positions of the atoms inside the cell, uhél ovskite stoichiometry. A similar analysis has been pertexm

) ’ P o 1 T for the oxynitrides with the most stable single- and bi-rheta
residual forces are less tharDB eVA ~ and scan again for igides and single-metal oxynitrides in the pool of refere
the lattice parameter with a mesh of 64 k-points in the Bril-gystem and with the constraints that the sum of the oxygen and

louin zone and a grid spacing equal td®. For the total en- nitrogen atoms must be equal to 2 and 1, respectively.
ergy calculation,we use a mesh of 216 k-points in the Britiou

zone and a grid spacing equal tdB. The calculations per-
formed are converged with respect to these parameters.

The GLLB-SC functional works by adding the derivative In t Table 1 we report the comparison between the theoret-
discontinuity to the Kohn-Sham gap to obtain the quasi-ical gaps evaluated using the GLLB-SC functicia’ with
particle gap. For light harvesting one is really interested the experimental values in the most stable single-metaleoxi
the photo-absorption gap which may differ from the quasi-structure obtained from the ICSD datab&8eThose values
particle gap because of excitonic effects. However, for théhave been used for Fig. 1 in the manuscript. For each struc-
class of materials that we study here we expect these effectgre, we use the same procedure used for the screening: i.e.
to be only moderate. Using this functional, we need a mesh os$tarting from the experimental data, we find the lattice para
about 400 k-points. We calculate the GLLB-SC gap only foreters and we completely relax the internal degrees of freedo
the combinations with a RPBE direct gap larger thah@v.  using an RPBE functiondland afterward we evaluate the gaps
This does not affect the screening since we are looking for aising the GLLB-SC functional.
material with a visible-light bandgap.

All the calculations are performed on our linux cluster Ni- Cubic Perovskite Oxides
flheim with 5640 CPU cores.

A linear programming algorithm (LP) was adopted to de- 1 Table 2 reports the combinations that fulfill the conditions
termine the stability relative to a pool of reference system for stability and for the gap. We specify the heat of forma-
For the oxides, we include the single-metal bulk and the mostion and the indirect (direct) bandgap. The heat of formmatio

mc_in(clA (s)+c2B(s)+

Bandgaps of Single-Metal Oxides

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-4 |1
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ici 1 he Baﬂa Sr\hinhl af Chamictns 2012
Thisjournalis © T Oxide GLLB-SC| 'Expt. [ Method [[ Oxide [ GLLB-SC| Expt. [ Method
Gap [eV] | Gap [eV] Gap [eV] | Gap [eV]
BeO 10.9 10.6 [ Optical" [[ RhOs 1.4 1.2
MgO 8.1 7.9 Thermaf || PdO 0.2 1.0
CaO 7.7 7.8 Thermaf || PtO, 1.4 1.8
SrO 7.4 6.4 Thermaf | Cw,O 1.1 2.2 10
BaO 5.0 4.4 ThermaP || Ag,O 0.4 1.2 n
S 03 7.0 6.3 12 ZnO 3.3 3.3 Optical'3
TiOo (r) 3.8 3.0 14 CdO 1.7 2.2 Optical'®
TiO5 (a) 4.6 3.2 16 Al,03 9.7 8.8 Opticalt”
ZrOo (1) 7.1 6.6 18 Ga0s3 5.0 4.8 19
ZrO, (M) 6.8 5.3 2 In,03 3.0 2.6 21
Nb,Os 3.4 34 7 SnG 3.6 3.6 Photoemissiof?
MoO3 3.2 3.0 7 PbO 4.1 2.8 Indirect?®
WO3 2.9 2.7 Optical* || Bi»03 4.4 2.9 Optical?®

Table 1 bandgaps: theoretical and experimental bandgap evaluated for thkeaxieles included in Fig. 1 of the manuscript. The type of the
experimental gap is reported, when available, in the method column.

h o S oSy e sS
EFEFESTSTE588858

AE [eV/atom] | Gap [eV] | Band Edges -r
TITaOs 0.10 2.0(2.0) G| N S S T IO S W
GaTaQ —0.03 21(2.2) o ’
SnTiO; 0.10 25(2.7) v s | |
CsNbQ 0.18 2.8(2.9) v SO A 0./H,0
AgNbO3 2 0.20 29(35) v g o
NaVOs 0.10 1.0(1.7) :
LiVO3 0.17 1.3(2.0) v 3 .
BasSnQ @ —0.08 25 v T e
Srsn@ P 0.01 2.9 (3.4) v * .
CasnQP 0.16 3.0(3.6) v
SrGeQ 0.16 1.2 (1.7) v
(N:ZSSS 8;8 ié 88 5 Fig. 1Band edge_ position e_zva_luated for the combinatiqps of

. _ _ t Table 2. In the figure, we indicate the band edge position for the

indirect (in red) and direct (in black) gap.

Table 2 Cubic Perovskite Oxides: Formation energiAg) per
atom and indirect (direct) bandgap for the candidates for a new solar

light capture material. It is also indicated Y if the band edges is obtained using the linear programming approach with the
match with the water redox potentidl The experimental bandgaps ~Single-metal bulks, the single- and bi-metal oxides as pbol

for the two known cubic perovskite materials, AgNpénd references. We report also if the band edges match with the
BaSnQ, are equal to B eV2? and 31 eV39, respectively? water redox potential and the experimental bandgap for the

SrSnQ@ and CaSn@suffer from a lattice distortion and they show  combinations showing a perovskite or a perovskite-likesexp
an orthorhombic perovskite with a DFT (experimental) bandgaps imental structure.

30 30 i
equalto 42 (4.1) eV and 38 (4.4) eV, respectively. 1 Fig 1 reports the band edge positions, evaluated using the

empirical rule provided by Butler and Ginléyand using the
DFT gaps calculated here, for all the combinations: Gfa-
ble 2. Three combinations do not match with thé M2 po-

2| Journal Name, 2010, [voll1-4 This journal is © The Royal Society of Chemistry [year]
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Experimental References

mistry 2012
AE DFT Gap| Band

[eV/atom] [eV] Edges| Gap [eV] 1
BaTaGQN —0.01 2.0 v | 20%
SrTagN 0.00 2.1 v 2.1%2
CaTaQN 0.09 2.2 v | 253 g
MgTaO:N 0.19 2.1(2.8) v
PbTaGN 0.19 1.9(2.1) 4
LaTiOzN 0.05 25 v 2.133

Table 3 Cubic perovskite oxynitrides: Formation energi&&] per

atom and indirect (direct) bandgap for the candidates for a new solar
light capture material. It is also indicated) if the position of the

band edges matches with the water redox potential and the
experimental bandgap for the cubic perovskites known structures.
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Fig. 2Band edge position evaluated for the oxynitride combinations

of T Table 3. 18

19
tential. All the combinations are suitable for oxygen evolu
tion: this is a feature of the oxides.

Including the criteria on the band edge positions in additio 54
to the rules on the heat of formation and on the gaps, we reduce
the list of candidates from 13 to the 10 of Fig. 4 in the paper. 22

20

23
24
25
26

Cubic Perovskite Oxynitrides

As in | Table 2 for the oxides, in Table 3 we list the combi-
nations that comes out after the screening on the stabiiity a
on the bandgap. In addition we report if the position of band,,
edges matches with the water redox potential. The experimen
tal values for the gaps are in a good agreement with the DF B8
values.

t Fig 2 shows the bands position of all the combinations of?®
1 Table 3.
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A new efficient photoelectrochemical cell (PEC) is one of the possible solutions to the energy and
climate problems of our time. Such a device requires development of new semiconducting materials
with tailored properties with respect to stability and light absorption. Here we perform computational
screening of around 19 000 oxides, oxynitrides, oxysulfides, oxyfluorides, and oxyfluoronitrides in the
cubic perovskite structure with PEC applications in mind. We address three main applications: light
absorbers for one- and two-photon water splitting and high-stability transparent shields to protect
against corrosion. We end up with 20, 12, and 15 different combinations of oxides, oxynitrides and

oxyfluorides, respectively, inviting further experimental investigation.

Introduction

The conversion of solar light into energy by photoelectrochemical
reactions is one of the possible ways to address the world’s
pressing energy supply and storage problem.! This technology is
based on the direct harvest of photons by semiconductor mate-
rials (SCs) and using the energy from the created electron—hole
pairs to run certain chemical reactions. One example is the water-
splitting reaction which turns water into hydrogen and oxygen
which may then be used later as fuels in for example fuel cells. The
number of photons collected to run the reactions, the number of

“Center for Atomic-scale Materials Design, Department of Physics,
Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark.
E-mail: kwj@fysik.dtu.dk

*Center for Individual Nanoparticle Functionality, Department of Physics,
Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
‘Department of Chemical Engineering, Stanford University, Stanford, CA
94305, USA

different materials involved and the size of their bandgaps can be
combined and optimized in order to obtain the highest possible
efficiency.? The simplest way to construct such a deviceis to use a
single material with a bandgap in the visible range, well positioned
with respect to the redox potential of water. This method has been
known since 1972 for water splitting under UV-light using TiO,
(ref. 6) albeit with very low efficiency and high additional elec-
trical and chemical bias. A more complicated but also a poten-
tially more efficient way is to use two photons and combine two
SC materials to split water in a tandem cell.*’

The search for new materials using ab initio quantum
mechanical calculations has been possible because of the meth-
odological improvements and the increase of computational
powers. Examples include the construction of semiconductor
superlattices,® the development of battery cathodes,” searching
for high stability alloys,' screening for inorganic scintillator
materials,’ for high-performance piezoelectrics,'? for organic
photovoltaics using molecules,'*™** and bandgap engineering.'®”

Broader context

The development of semiconductors suitable for photo-electrochemical water splitting under solar light is currently under intense
investigation. In particular the focus has been on oxides and oxynitrides where a few materials have shown good activity for light-
induced splitting of water. We have performed a computational screening of about 19 000 cubic perovskites obtained by combining
52 different metals with oxygen, nitrogen, sulfur and fluorine as anions. We have focused on three applications: one- and two-photon
water splitting and transparent shielding against corrosion. We have also implemented a database and presentation system, the
Computational Materials Repository, for easy access and analysis of the data. Since a successful material should collect a significant
part of the solar spectrum, we have performed our screening based on criteria of size and position of the bandgap as well as on
stability. We find 20, 12, and 15 materials with potential interest for one- and two-photon water splitting, and shielding purposes,
respectively. Among them, 7, 4, and 6 are already known in the cubic perovskite structure and/or in the water splitting community.
13, 8, and 9 new materials invite further experimental investigation.

9034 | Energy Environ. Sci., 2012, 5, 9034-9043 This journal is © The Royal Society of Chemistry 2012



Here, we search for materials to be used in such water-splitting
devices. We focus mainly on perovskite oxides with one or more
replacements for oxygen neighbors in the periodic table. The
space of investigation is composed of around 19 000 compounds
collected and analyzed in the Computational Materials Reposi-
tory (CMR).'®1®

The present work expands on previous studies of perovskite
materials®® both by considering a broader range of compositions
with new elements and by studying not only one-photon water
splitting but also two-photon (Z-scheme) water splitting and
transparent shielding of photocatalysts.

Our study suggests five and twelve new materials for the one-
and two-photon processes, respectively, and fifteen for the
transparent shield. These materials therefore lend themselves to
further experimental investigation. In addition, we have analyzed
the correlation between the bandgap and the heat of formation
for the different datasets in order to obtain a more general
picture of the material requirements.

Methods

Our screening is performed using the Density Functional Theory
(DFT) real space code GPAW?-?* with a standard DFT-GGA
exchange—correlation functional in the form of the RPBE-
approximation® for the evaluation of the stabilities and a more
sophisticated semi-local functional called GLLB-SC?***’ for the
calculation of the bandgaps. The latter functional is computa-
tionally cheaper than many-body methods like GW and its
precision is of the order of 0.5 eV. The details about the method
have been described and validated in a previous paper?® where we
proposed 15 oxides and oxynitrides (ABO3; and ABO,N) for the
one-step water splitting.

A linear programming (LP) algorithm has been adopted to
determine whether a compound is stable or not with respect to
the pool of reference systems listed in Table 1. This method has
been used in the past for example for obtaining effective cluster
interactions,?® and more recently for prediction of thermody-
namically reversible hydrogen storage reactions® and for the
design of new semiconductors for water splitting.?® We choose
the chemical potential for oxygen to refer to water in the gas
phase because the materials have to work in an aqueous envi-
ronment. Indeed, it has been recently shown that the presence of
a water film is a necessary condition to run the water splitting
reaction since it increases the mobility of H".** The Gibbs free
energy of the reaction with water in the liquid phase following
Norskov et al.! is estimated to be within 0.1 eV of the calculated
DFT total energy difference. The oxygen reference has been
calculated as the energy difference between water and hydrogen
(H>O-H;) in the gas phase. Otherwise the chemical potentials for

nitrogen, sulfur and fluorine have been taken from the standard
references in the gas phase, ie. Ny, Sg, and F,. An ABON,
compound is considered stable when its DFT energy relative to
the best outcome from the LP, AE, is no more than 0.2 eV per
atom. The small positive value allows for some metastability and
inaccuracy in the calculations. The energy difference, AE, can
thus be written as

AE = ABON,(s) — m'in(clA(s) + &B(s) + ¢3A,,0,,(8)

+ ¢4By,0,, (s) + ¢5A45 Ny, 0o, (8) + ¢6Bpg Niyg O (5)
+ C7Aa7Nn7 (S) + CSBngng (S) + C9Aa9B179009 (S)
+ clOAﬂm BbloNth (S) + 10 + chNZ)> (1)

where all the chemical formulae are reported in Table 1. The LP
problem is solved with the constraints

ZaiCi:L Zbici:L
Zoicf:L Znici:27 (2)

which ensure the correct stoichiometry of ABON, and with
C; = 0, (3)

which guarantees that only the references containing A, B, N, or
O are taken into account. A similar investigation has been per-
formed for the other compounds considered in this work.

To evolve hydrogen and oxygen, a matching between the
positions of the band edges of the compound and the redox
potential of water is required. It is complicated and computa-
tionally expensive to calculate the band edges using DFT because
it requires the investigation of one or more material surfaces, and
the outcoming results are complicated further by the role of
water present on the surface and of the pH of the environment.
For these and other issues, we use an empirical formula based on
the electronegativity and on the size of the bandgap®** to esti-
mate the positions of the edges. According to this formula the
positions of the valence and conduction band edges, Evp cp, are
given by

Evpcr = Eo + (xaxexoxn)'"” £ Egp/2, 4)

where Ej is the difference between the normal hydrogen electrode
(NHE) and the vacuum (E, = —4.5 eV) and xy is the electro-
negativity of the neutral atom M in the Mulliken scale. Eqn (4)
refers to the ABON, perovskite; for the other combinations, we
need to change the xoxn? in the geometric mean to, for example,
xo xr for the ABO,F perovskites. The evaluation of the position
of the band edges given by this equation is of sufficient quality to
be used during the screening process.*

Table 1 Pool of systems chosen as references in the linear programming algorithm as available from the ICSD database?*' and from the Materials

Project.?* M indicates the metallic element in the composition

Chemical formula

Description

M X

M,O,, M,N,, M,S,, M,F,

M.N,0., M,S,0., M, F,0.

M,'M,’0., M.'M,”N_, M'M,*S., M'M,’F.
M.'M,’N.O;, M'M,*F.O;

Most stable, single-metal bulk

Most stable, single-metal oxide, nitride, sulfide, fluoride
Most stable, single-metal oxynitride, oxysulfide, oxyfluoride
Most stable, bi-metal oxide, nitride, sulfide, fluoride

Most stable, bi-metal oxynitride, oxyfluoride

This journal is © The Royal Society of Chemistry 2012
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Results and discussion

The crystal structure selected for the screening is the cubic
perovskite (space group Pm3m) because of its simplicity, and its
wide applicability in general.** We select 52 metals from the
periodic table to occupy the A- and B-ion positions in the
structure. We have previously investigated the results of a
nitrogen substitution in an ABOj; cell?® and the beneficial effects
that a lower-electronegativity element, like nitrogen, has for the
design of new water splitting materials based on a one-photon
process. Driven by this, we here screen for other anion combi-
nations than O; and O,N. In particular, we are interested in unit
cells with a larger concentration of nitrogen (ABON, and ABN3)
and in replacing oxygen with its neighbors in the periodic table
(ABO,S and ABO,F). A combination of oxygen, nitrogen, and
fluorine (ABOFN) has been studied as well.

A material needs at least three main properties to be used in a
water splitting device: (i) it needs to be stable, (ii) it needs to have
a bandgap in an appropriate range and (iii) its band edges need to
match the redox potential of water. As described above (i) is
considered based on a comparison between the DFT energy of
the perovskite compound and the DFT energies of a pool of
references into which each compound can split (LP). In this
comparison, we take the chemical potential of oxygen from water
(instead of the oxygen molecule) in order to get a more realistic
heat of formation for a compound in contact with water. We
note that this stability measure does not take into account any
influence from the illumination. (ii) is treated by calculating the
bandgap using the GLLB-SC functional. (iii) uses the bandgap
obtained in (ii) and eqn (4).

The database — general trends

Oxides are well known for their high stabilities and for their large
bandgaps, even though metallic oxides have been synthesized.
Efficiency for light harvesting requires a material with a bandgap
below 3 eV, well positioned around the hydrogen and oxygen
evolution potentials. This matching is difficult to accomplish in
the oxide class.

The most natural element to be used as a replacement for
oxygen is nitrogen because of its similar atomic radius. Oxy-
nitrides are less stable than oxides and the loss in stability is
correlated to the increase of the nitrogen/oxygen ratio in the unit
cell. Nitrogen is slightly less electronegative than oxygen. This
has two effects: a general reduction in the width of the bandgaps
and a shifting up in the valence band positions. These effects are
very interesting for the design of the next generation of light
harvesters.

Fig. 1 shows the correlation between the bandgaps and heats
of formation for all the classes of materials considered in this
work. Results are shown relative to both the standard states of
the elements, except for oxygen which is taken from water
vapor (upper panel), and the larger pool of reference systems
used here (lower panel) where we thus include the possibility of
phase separation into single compounds like single-metal oxides
or other systems in the pool of references (Table 1). A wider
bandgap is seen to correspond to a higher stability for both sets
of reference systems even if stable zero-gap compounds are also
found. The correlation is most clear for the standard reference

systems. A large bandgap in a two-metal compound is a sign of
stability, even when the heat of formation is calculated relative
to a broad set of reference systems that may already exhibit a
bandgap. The resulting stability of the two-metal oxides is
therefore smaller than when the comparison is made with
metals in their standard states. The most stable compounds are
oxides, and an oxygen replacement with another non-metal
brings about a reduction of both the stability and the size of the
gap.

Sulfur is close to nitrogen in electronegativity, with the same
charge as oxygen but a larger radius. On the one hand, the
bandgaps are of the same order of magnitude as for the oxy-
nitrides and with well positioned band edges; on the other hand,
the distortion introduced into the cells due to a too large radius
reduces the stabilities of the compounds and the heats of
formation are generally above 0.2 eV which we set as the
threshold. No stable combination has been found in the ABO,S
perovskite and other structures have to be considered.

Fluorine is the most electronegative element. The oxyfluorides
show a wide range of gaps like the oxides. The radius of fluorine
is slightly smaller than that of oxygen, with the consequence of a
reduction in the stability of the compounds due to a reduction of
the symmetry in the unit cells.

A co-doping of N and F in TiO, to TiO,N,F. has been shown
to be effective for water oxidation.?® The sizes of the gap for the
ABONF compounds are comparable with the oxynitrides, but
the highly distorted cells result in low stabilities and heats of
formation above 0.2 eV.

Handling the data using the computational materials repository

The Computational Materials Repository (CMR)**%¢ is a set of
computational tools and a database for handling large
amounts of computational electronic-structure data. The CMR
software®® supported the present screening by storing the
calculated results (Fig. 1) and making the analysis possible
through its python and web interfaces. In order to make the
process of finding the results efficient, the individual calcula-
tions and combinations thereof (so-called computational
“groups”) were annotated with keywords like “perovskite” and
fields (name/value pairs) such as “gllbsc_dir_gap = 0.3” or
“A = Bi”, “B = Si” and “anion = N3” for BiSiNj. After
choosing a combination such as ABN; or ABO,S and the set of
reference energies in the web interface, the necessary data to
determine the heat of formation are automatically fed into the
linear programming algorithm. The results can then be further
restricted by other fields as for example the position of the
band edges.

Fig. 2 shows an example of a search in the CMR database. We
are here interested in ABON, combinations that are stable, i.e.
with a heat of formation smaller than 0.2 eV, a bandgap in the
visible range, i.e. between 1.5 and 3 eV, and band edges matching
the redox potential of water. The results are shown in Fig. 3. As
we will discuss later on, these properties are required for mate-
rials to be used in the one-photon (overall) water splitting device
shown in Fig. 4(a). Two materials for overall water splitting have
been found in the ABON, combination: LaTaON, and
YTaON,. The figure reports the crystal structure (using JMol*”)
and some interesting properties like heat of formation, size and
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Fig.1 Correlation between bandgap and heat of formation for the datasets under investigation. The figure includes only the compounds showing a gap
(>0.2 eV). The upper figure shows the calculated standard heat of formation relative to the elements in their standard states except the oxygen chemical
potential which is taken from water vapor because our material has to be stable in a water environment. The lower figure shows the heat of formation
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position of the bandgap, paper where the computation for this
structure appears for the first time, efc. It is also possible to
download the atomic positions as an xyz-file; all details of the
calculations are for further use.

The same approach proposed here has been used for all the
different applications we are going to describe in the next
sections. All involved calculations and the analysis tools are
available at https://cmr.fysik.dtu.dk.

One-photon water splitting

In 1972 Honda and Fujishima reported their results on electro-
chemical photolysis using TiO,.® For 40 years, numerous efforts
have been made to find an efficient material for simultaneous
production of both H, and O, (one-photon or overall water
splitting) under visible light irradiation, but so far the ideal
material has not been found.? The overall water splitting process

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Example of a search in CMR for materials with particular
properties, like bandgap in the visible range and matching the redox
potential of water. A stability criterion is also required. Other properties
can be easily investigated.

is schematized in Fig. 4(a): an electron-hole pair is created by a
single photon, the electron and the hole, after reaching two
different regions of the surface in order to avoid recombination,
evolve hydrogen and oxidize water, respectively.

The criteria for a candidate to be used for solar light capture
that we shall use here are: (i) chemical and structural stability, (ii)
bandgap in the visible light range, i.e. between 1.5 and 3 eV, (iii)
band edges straddling with the oxygen and hydrogen evolution
potentials, and (iv) high mobility to avoid recombination.
Properties (i), (ii), and (iii) are taken into account during this
screening. The requirements are schematized in Table 2.

Fig. 4(b) reports the 20 candidates resulting from the
screening. On the left of the figure, there are the ABO; and
ABO;N combinations published in a previous paper®® and
included here for completeness. Out of the remaining 5
compounds, one, LaTaON,, is already known and performing
relatively well for hydrogen evolution when a noble metal is
deposited on it, but no O, evolution was detected.*® No experi-
mental photoelectrochemical studies have been reported for the
last four materials. There is no evidence of other competing
crystal structures with the same chemical composition and thus
they can be suggested for experimental investigation. Consid-
ering all datasets, we have found in total 20 materials suitable for
collecting visible light and for the evolution of both hydrogen
and oxygen.

A B anion heat_of_formation glibsc_dir-gap

-0.07 0.08

.muﬁw :

Ibsc_ind-gap CB_dir CB_ind VB_dir VB_ind atoms db_keywords

Once the electron-hole pair is formed, the electron and the hole
need to reach two different points at the surface to evolve hydrogen
and oxygen. This mechanism depends on the mobility of the
charges and thus the effective masses. It is presently not well
understood what the optimal values for the mobility or the free
electron mass are so we cannot use this as a criterion for the
screening. However, we can perform an a posterioriinvestigation of
the effective masses for the materials resulting from the screening.

The effective mass m™* is defined as

Q)

i.e., as the second derivative of the energy band with respect to
two orientations, 7 and j, in reciprocal space evaluated at the
LUMO (HOMO) for the electron (hole). The parabolical
approximation of the band is true only in a small interval of the
LUMO (HOMO), thus we need to run calculations with finer
sampling of k-points. While the effective mass is a 3 x 3 matrix
with eigenvalues depending on the coordinate system, the trace
of the mass matrix, defined as

L1111
M 3\moomyom: )’

is a unique number independent of the orientation.

For all the candidates in Fig. 4(b), the LUMO is at the
Gamma-point, I' = (0,0,0). The role of the different metals
and anions is more crucial for determining the HOMO: the
oxides show the HOMO mostly at R = (Y,'4,%) and at M. =
(2,0,%2) or M, = ('2,'2,0), the oxynitrides and oxyfluorides at
I' and R.

The upper panel of Fig. 5 shows the electron and hole
masses (calculated using eqn (6)) for the 20 candidates. The
masses span over one order of magnitude. In general, the oxides
show very light electron masses and hole masses above 1 m,, one
order of magnitude higher than the electron masses. In addition
to the hole masses shown in the figure, NaSbOj, SrGeOs,
CaGeO3, BaSnOs;, and SrSnO; have also heavier hole masses,
not included in the figure, of more than 10 m. due to a
degeneracy of the HOMO (at R-point). The gap between the
electron and hole masses close to the oxynitrides and the
masses have values between 0.5 and 1 m. with lighter hole
masses compared to the oxides. For the oxyfluorides, the hole
masses are heavier than the ones of the oxynitrides while the
electron masses are of the same order of magnitude. The green
region highlights the materials known to evolve hydrogen/
oxygen in the presence of a sacrificial agent and the orange
region indicates the material known for failing as a

(6)

203 188 uugmu
LaTaN20 moxn +025Nz+pawukma
(1'-4 NOON2 0.06
perovskite Ta
!D. tandem +0.33
1Ta) La203

Fig. 3 Result for the search table of Fig. 2. Two candidates for one-photon water splitting have been found in the ABON, combination.
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edges for both the direct (red) and indirect (black) gaps. The levels for hydrogen and oxygen evolution are also indicated.

photocatalyst possibly due to defect assisted recombination.® It
seems that a light electron mass and a heavy hole mass are not a
good combination because it is difficult to maintain the neutral
charge of the compound and to avoid fast recombination. It
would be possible to analyze further the role of the effective
masses if some of the other compounds proposed here would be
synthesized.

The lower panel of Fig. 5 shows the ratio between the highest
and lowest values of the electron and hole masses for each
combination. The oxides with the HOMO at the R-point are
isotropic in the three directions both for the electron and hole
masses. For the others, the LUMO (HOMO) shows a flatband
in at least one direction leading to an anisotropy in the mass.
Both the oxynitrides and the oxyfluorides show anisotropy for
the electron and hole masses due to a flatband in one direction
generated by the oxygen substitution. An additional investiga-
tion on the relationship between the effective masses, the
different orientations and the photocatalytic activity will be
performed in the future since such properties could be poten-
tially used for designing water splitting devices. An ideal device
could be highly anisotropic, for example a pillared structure,
with a long direction for efficient harvesting of the light and
short directions to allow the electrons and holes to reach the
surfaces.

Table 2 Screening parameters used for the applications considered

Two-photon water splitting

A rough calculation of the efficiency of the overall scheme of
Fig. 4(a), considering the losses, results in a conversion efficiency
limit of around only 7%.*°

A different approach to achieve the water splitting under
visible light is to divide the process into a two-step mechanism,**!
called Z-scheme or tandem cell (Fig. 8(a)), where two photons
are required and two different semiconductors are responsible
for the H, and O, evolution.

The requirements for the two-step water splitting process are:
(i) structural/chemical stability, (ii) visible light bandgaps with
the appropriate sizes for a good efficiency, and (iii) an optimal
matching between the band edges of the semiconductors and the
redox potential of water. (iv) in addition to the usual require-
ments for the position of the band edges for the overall water
splitting, the electron transfer in the tandem cell also requires
that the electron generated in the anode that oxidizes water to
oxygen is higher in energy than the hole generated by the cathode
reducing 2H™ to H.,.

Fig. 6 shows the ideal efficiency of such a device without any
losses considering the spectral distribution of the solar photon
flux at AML.5 and calculating the different ratios of absorbed
photons from the layered semiconductors. The maximum

Screening parameters One-photon WS

Two-photon WS

Transparent shield (TS)

Chemical/structural stability (AE) AE=0.2¢eV AE=02eV AE=02eV

Bandgap (Egap) 1.5 < Egyp =36V 1.3 < Egp=3eV Egi, >3 eV

Band edges VBegge > 1.23 eV VB2de > 123 eV Photoanode TS Photocathode TS

(VBegges CBegge) CBegge <0 eV CB&hode < ( oy 1.7 < VBegge < 2.5V —0.7 < CBegge < 0 eV
VBEifiode > CRigede

This journal is © The Royal Society of Chemistry 2012

Energy Environ. Sci., 2012, 5, 9034-9043 | 9039



T TEET T T T T T ENT 1171

10
E . | | ® Hole mass
[ - - | B Electron mass

el

M*/m_
T
L]
[ ]
L]
[ ]
L ]
L]
[ ]
[ ]
o
L]
L)
L]

ol

0.1

|

*>
&>
B
B
®* B>

|

[ ]

*>
*—>

M*
n
u

He

3
3
Basno, Lo
SrSnO3 le
CﬂSnO ]
.

3

||

s

3%
o

3

AngOJ—I\
OJ— ‘
O_,N il

2

|
z"

2
i
B

1
Z
o

g'e
55
m @

2.
ON
2

LaTaON I

[Eid
<
o

Nasho, Le
SrGeg
CaGeo @
SnTij,
LaT;
Bacao
PbGaO_F =
Bﬂfﬂ(};p - =

1
=

CaTy

Fig. 5 Average effective masses calculated using eqn (6) (upper panel)
and ratio between the highest and lowest effective masses for the candi-
dates in Fig. 4(b). The upper-arrow indicates a very high anisotropy
between the masses in different directions. In the green area, the materials
that are able to split water in the presence of a sacrificial agent are shown.
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efficiency is obtained when the two materials absorb the same
number of photons. For working in a photocatalytic tandem cell,
the sum of the bandgaps of the two semiconductors needs to be at
around 2.8 eV (black line in Fig. 6). This value is obtained based
on the estimates shown in Fig. 7. The bare energy required to split
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Fig. 6 Theoretical efficiency of the two-photon water splitting. The blue
line corresponds to the experimental bandgap of silicon and the black line
is the minimum combination of gap for running the reaction. The purple
line corresponds to the highest efficiency achievable once the H, photo-
catalyst is chosen. The numbers in the contour plot correspond to the
ideal efficiency.

water is 1.23 eV. However, additional energy is required to
overcome the overpotential for the oxygen and hydrogen evolu-
tion processes and to compensate for the positions of the quasi
Fermi levels within the bandgaps. We take as a rough estimate the
sum of the two overpotentials to 0.5eV, 0.1 eV for the cathode and
0.4 eV for the anode.*> When the system is running, the electrons
and holes are in a non-equilibrium distribution described by quasi
Fermi levels. Those levels correspond to the work that the elec-
trons and holes can do and they reduce the effect of the bandgap
by around 0.5 eV per semiconductor. Allowing for an additional
0.1 eV related to the electron transfer between the semiconductors
we reach the limiting sum of the two bandgaps to be 2.8 ¢V. The
problem of band banding required for e —h* separation is not
considered as it can be solved by appropriate doping of the SC and
by the pn-junction.?

Returning to the calculated efficiencies in Fig. 6 we see that the
optimum values of the bandgaps are 1.7 eV and 1.1 eV. A perfect
candidate for the hydrogen evolution semiconductor is therefore
silicon with a bandgap of 1.1 eV as indicated by the vertical blue
line in the figure. In fact, the DFT GLLB-SC calculation of bulk
silicon in the diamond structure gives a 1.2 eV indirect bandgap
with a perfect match of the conduction band edge with the
hydrogen potential. In addition, it is a well-known material with
an advanced fabrication technology at hand and it has recently
been shown to work well with non-noble hydrogen evolution
catalysts.*® A theoretical efficiency of more than 25% is seen to be
obtained by combining silicon with a ~1.7 eV bandgap-
semiconductor.

In order to find interesting candidates for the anode, we shall
in the following screen for semiconductors with bandgaps in the
range between 1.3 and 3.0 eV (Table 2). The losses described
above give a lower limit of 1.7 eV for a semiconductor to be
combined with silicon. However, we widen the search window a
bit in order to take the inaccuracy of the GLLB-SC bandgap
calculations of about 0.5 eV into account.

All the compositions shown in Fig. 4(b) are possible materials
to be used in a Z-scheme cell for hydrogen or oxygen evolution.
In particular, the oxynitrides, that are able to reduce water in the

presence of a sacrificial agent,** might also be used for the same
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Fig.7 Sketch of the electronic levels in the tandem device. The positions
of the quasi Fermi levels and the required overpotentials result in a
minimal requirement for the sum of the two bandgaps of 2.8 eV.
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purpose in a tandem cell instead of silicon. This class of materials
is characterized by a bandgap of ~1 eV larger than the theoret-
ical optimum for the hydrogen evolution photocatalyst. The best
solution in terms of efficiency is obtained by swapping the two
layers with respect to Fig. 8(a) so the part of the solar spectrum at
higher energy is absorbed by the hydrogen evolution photo-
catalyst (now with a larger bandgap than silicon) and the
remainder goes through and is absorbed by the oxygen photo-
catalyst, i.e. the large bandgap does not necessarily need to be the
anode side.

Fig. 8(b) shows the candidates for oxygen evolution not yet
presented in Fig. 4(b). None of the oxides are experimentally
known and all of them are possible solutions to the oxygen
evolution problem. Some of the niobates oxynitride (CaNb,N,
SrNbO,N, BaNbO,N, and LaNbON,) have been recently
synthesized.** The GLLB-SC bandgaps for those materials are
slightly smaller than the experimental values because of a small
distortion in the crystal cells that contributes to opening up the
gaps. CaNbO,N shows activity both in water oxidation and
reduction with sacrificial agents, and STNbO,N has a low rate
of O, evolution. No activity has been found for both BaN-
bO,N and LaNbON, probably because of too small gaps that
are insufficient to overcome the overpotentials required for
starting the reaction or due to a recombination enhanced by
defects. The other oxynitrides have not been investigated.

If we relax the criterion that the conduction band edge of the
semiconductor has to be above the valence band edge of silicon
we find only one more material, TINbO;. This material could
potentially be used for oxygen evolution in combination with a
hydrogen evolution photocatalyst with a lower valence band
than silicon (like the tantalate or niobate oxynitrides). TINbO;
has a gap of 1.3 eV, small enough for achieving a good efficiency,
and the VB position is well positioned in energy compared with
the oxynitrides for allowing the electron transfer between the
materials to take place.

No candidates for only H, evolution have been found because
the stability requirement seems to automatically lead to bandg-
aps which are positioned fairly low relative to the water redox
potentials.

Transparent shield

One problem related to the use of materials for oxygen produc-
tion is photocorrosion. A possible solution is to develop a highly
stable and at the same time transparent thin film to cover the
oxygen evolution photocatalyst as a protective shield, as shown
in Fig. 9(a). The transparency can be obtained with a semi-
conductor with a large bandgap of, say, more than 3 eV, and as
we have seen a large bandgap generally nicely correlates with
high stability (Fig. 1), especially when we consider the standard
references (upper panel).

The device illustrated in Fig. 9(a) is the photoanode protecting
shield for a tandem cell but the principle can also be used for the
one-photon scheme. The electron with higher energy evolves
hydrogen, while the hole at lower energy moves through the
transparent film and evolves oxygen. The size of the gap and the
position of the edges are crucial for such a material: it needs a
direct bandgap in the UV range in order to avoid absorbing a
part of the visible light spectrum, and the valence band level
needs to be placed between the edges of the photocatalyst and the
potential of oxygen evolution so that the hole can reach the
reaction region with a small energy loss (<0.5 eV). Here we do
not consider the possibility of tunneling charge transport
through the protective layer*® as the dominant mechanism. The
screening criteria can be summarized as

Egi,>3.0eV, 1.7eV < VBge < 2.5¢€V. (7)

VBeqge is chosen to take into consideration the errors in the
bandgap and in the positions of the band edges and the

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 (a) Scheme of a tandem cell with a transparent protecting shield on the oxygen evolution photocatalyst for avoiding photocorrosion. (b) The
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edges for both the direct (red) and indirect (black) gaps.

overpotential of oxygen. As before we furthermore apply a
stability threshold of 0.2 eV per atom (Table 2).

Eight compounds fulfill the selected criteria (Fig. 9(b)).
Because of the large bandgap required, the only perovskite
classes of interest are the oxides and the oxyfluorides. SrSnQOs3,
CaSnO;, and SrTiO;z are stable in the perovskite structure
(SrSnO; and CaSnOj; are experimentally known in the distorted
perovskite structure with even larger bandgaps than the ones
predicted here). In particular, SrTiO5 is a well-known material
for water splitting under UV light, it has all the requirements for
being used also as a transparent shield in a visible-light device.
The other 5 candidate compounds have not been synthesized yet.

The same idea can be used to develop a protecting shield for the
photocathode.*” In this device, the electron with higher energy is
transported from the photocathode conduction band to the one of

“lo.m.0
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3 1 -
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Fig. 10 The identified candidates in the cubic perovskite structure to be
used as a transparent shield for a photocathode material. The figure
shows the calculated band edges for both the direct (red) and indirect
(black) gaps. The conduction band of silicon is also indicated.

the protecting shield where it evolves hydrogen. As shown in
Table 2, the only change in the screening parameters is the posi-
tion of the conduction band edge that has to be between —0.7 and
0 eV. This range allows the candidates to work with silicon and
various other photocathodes.

Fig. 10 shows the nine candidates as protecting materials for
the cathode. AgNbO; is known as a good photocatalyst and it
can also be used as a protecting shield because of its direct
bandgap in the UV range (the indirect bandgap is in the visible
part of the solar spectrum). AgTaO3z and KTiO,F are experi-
mentally known to exist in the perovskite structure, while the
other six compounds are currently unknown. Only two combi-
nations, RbTiO,F and BalnO,F, can be used as a transparent
shield in combination with both a cathode and an anode.

Conclusions

In this work, we have combined the screening approach and a
database to investigate several properties related to the problem of
light harvesting and water splitting. The method proposed here has
been applied to about 19 000 different compounds and we identify
some 20 candidates for the overall water splitting, 12(+20) for the
development of a tandem cell device, and 8 and 9 to be used as
transparent protecting shields for the oxygen and the hydrogen
evolution reactions, respectively. Some of these materials are
already known in the water splitting community, but several are
also completely new suggestions. The same method described here
could also be applied to search for other applications like the
design of new highly-stable conductors to be used as electrodes.
The most important limitation of the study is the focus on only a
single crystal structure, the cubic perovskite, but the extensive
stability analysis involving many different combinations and also
different crystal structures for the reference systems lend credibility
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to the identified candidates. However, in future work it would be
natural to combine our approach with structure prediction tools to
widen the scope of the materials search even further.

We finally note that the issues addressed here of efficient
absorption of solar light and appropriate electron—-hole mobil-
ities only constitute one part of the challenges behind the func-
tion of an optimal photoelectrochemical device. Another key
issue is to find appropriate (co-)catalysts to minimize the over-
potentials which lead to energy loss in the chemical reactions.?*®
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ABSTRACT

Computational screening is becoming increasingly useful in the search for new materials.
We are interested in the design of new semiconductors to be used for light harvesting in a
photoelectrochemical cell. In the present paper, we study the double perovskite structures
obtained by combining 46 stable cubic perovskites which was found to have a finite bandgap in a
previous screening-study.® The four-metal double perovskite space is too large to be investigated
completely. For this reason we propose a method for combining different metals to obtain a
desired bandgap. We derive some bandgap design rules on how to combine two cubic
perovskites to generate a new combination with a larger or smaller bandgap compared with the
constituent structures. Those rules are based on the type of orbitals involved in the conduction
bands and on the size of the two cubic bandgaps. We also see that a change in the volume has an
effect on the size of the bandgap. In addition, we suggest some new candidate materials that can
be used as photocatalysts in one- and two-photon water splitting devices.

INTRODUCTION

Density Functional Theory (DFT) is a powerful method to investigate structural and
electronic properties of materials. The enormous increase of computational power in
combination with theory developments, like the implementation of new, more reliable exchange-
correlation functionals, have made it possible to search for new materials using ab-initio
quantum mechanical calculations involving several thousands of simulations. Many efforts we
have been recently made to design new materials using computational tools, for example
screening for organic photovoltaics, > inorganic scintillators* and bandgap engineering.>*” In
previous works,® we addressed one of the most pressing problems of our time, i.e. the
development of sustainable energy technology, focusing on the photoelectrochemical conversion
of water into hydrogen and oxygen using visible solar light considering both the one- and two-
photon water splitting processes. Out of 19000 materials in the cubic perovskite structure,
obtained by combining 52 interesting metals with oxygen, nitrogen, sulfur and fluorine, we
suggested 20 combinations for one-photon water splitting and 12 additional ones for the two-
photon process.

In this work, we consider the double perovskite structure for finding new rules to
combine metals to obtain the desired bandgap size and to predict new candidates for water
splitting. In the previous study we identified 46 stable ABOj3 perovskites with a non-vanishing
bandgap and here we look at combinations of those in the so-called double perovskite structure
shown in Figure 1A. The chemical formula is A;A;B1B,0¢; A; and A, have an oxygen
coordination of 12 and are in general of larger radius than the B; and B, ions where the
coordination is only 6. The unit cell is composed of 20 atoms. Double perovskites have been first
synthesized in 1998° and they have been investigated theoretically because of their various
properties, like ferroelectricity and high magnetic Curie temperature® or small bandgap.™



THEORY

A material should at least fulfill three main requirements to be a good photocatalyst for
water splitting: (i) structural and chemical stability against oxidation, (ii) optimal bandgap to
absorb the visible part of the solar spectrum, and (iii) well positioned band edges with respect to
the oxygen and hydrogen evolution potentials. In addition, the electrons and the holes should
show a good mobility to reach the surface before recombining, and to be an eco-friendly
material, the combination should not contain expensive or toxic chemical elements. We screen
only for (i), (ii), and (iii), i.e. we search for a stable semiconductor with well positioned band
edges with respect to the water redox potential. The screening is performed using the DFT-code
GPAW.™*2 Al the structures under investigation are fully relaxed using a standard DFT-GGA
exchange-correlation functional (RPBE-approximation™®) and the formation energies are
calculated with respect to a pool of reference systems in which the material can be decomposed
using a linear programming method. The pool contains the single- and bi-metal oxides as well as
single metal bulks in their most stable structure as present in the experimental ICSD and in the
Materials Project databases.***® The chemical potential for oxygen is taken relative to water
because the material will be working in an aqueous environment. The bandgaps are obtained
using the GLLB-SC exchange-correlation potential,'® that includes the calculation of the
derivative discontinuity and gives reliable results compared to experiments.! The evaluation of
the positions of the band edges in principle requires the construction of a surface and a reliable
modeling of the water layer on it. We do not use this approach because it is computationally
expensive. More recently, Wu et al.'” have proposed a method for evaluating the positions of the
band edges in three steps that involve two bulk calculations (the material and water) and an
interfacial slab. This method has also been used to propose new oxynitrides to be used as
photocatalyst in a water splitting device.” Instead, here we use an empirical equation that gives
the position of the center of the bandgap as the geometrical average of the electronegativities in
the Mulliken's scale of the chemical constituents. The position of the edges is thus obtained
adding and subtracting half of the bandgap.® This approach has been validated and extensively
used in our previous papers.*®

RESULTS

Using the method described above, we calculate the heats of formation and the bandgaps
for the double perovskites under investigation. Almost all the double perovskites are stable
(within a threshold we use of 0.2 eV per atom) when compared to the existing structures into
which the material can be split apart. The double perovskite maintains the structural
characteristic of the two ABO3 perovskites and the major improvement in the stability is given
by a possible octahedral tilting of the oxygen atoms that cannot appear in the small 5 atoms unit
cell used for the cubic perovskite.

Figure 1B reports the bandgaps for all the combinations investigated. The bandgaps are
seen to span over a region from 0 to more than 7 eV. The cubic perovskites along the two axes
of the plot are sorted using a cluster analysis, which brings two compounds close to each other if
they behave similarly with respect to bandgap formation.'® Most of the combinations
investigated are seen to be insulators with a bandgap larger than 4 eV and rather few have
bandgaps in the visible range.
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Figure 1: A) Double perovskite crystal structure. B) Calculated bandgaps for all the possible
combinations. The ideal bandgap for one-photon water splitting is the red region. C) Normalized
distribution of the calculated bandgaps for the ABO; (in blue) and double perovskite (in red)
structures.

The normalized distributions of the bandgaps for the cubic and double perovskites are
shown in Figure 1C. The distribution of the double perovskite bandgaps is less fluctuating than
the one for the cubic perovskites simply because of the larger space under investigation. In fact,
we are considering around 1100 double perovskite and only 46 cubic ones. In general, there is
not much difference between the two distributions: both structures have a high tendency for
forming large bandgap insulators and do not exhibit many compounds with a bandgap in the
visible range. In the region between 0.5 eV and 1.5 eV there seems to be relatively few double
perovskite while there seems to be a bit more in the region between 1.5 eV and 2.5 eV. This
might be caused by the octahedral distortion that leads by itself to an increase of the bandgap.
The 5 atoms unit cell used to model the cubic perovskite does not allow the system to show the
octahedral tilting.

In Figure 2A we show the calculated difference between the bandgaps obtained for the
double perovskites and the average of the two bandgaps of the constituents ABO3 (calculated for
the 20 atoms unit cell). Most of the double perovskites have a bandgap close to the average gap
of the constituent structures (in white). ABO3; materials with small bandgaps (below 1.5 eV)
show a general reduction of the bandgap (in blue). However, there are also combinations for
which there is a significant increase of the bandgap (up to 3 eV, in red). This happens when we



combine a d-metal with a p-metal in the two B-ion positions. In contrast with this, the elements
in the A-ion positions do not affect the size of the resulting bandgap very much.
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Figure 2: A) Difference between the double perovskite bandgap and the average gaps of the
constituent perovskites. B) Candidates for one- and two- photon water splitting. The colored font
for the name of the structure indicates that that cubic perovskite was already found as a candidate
for one- or two- photon water splitting.
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(HOMO, in magenta) and the valence band edges (LUMO, in cyan) are also indicated. The zero
energy is set to correspond to the HOMO level. The increase in the bandgap for the combined
perovskite is due to a strong hybridization between the p- and d-metals in the B-ion positions. The
wavefunctions of the conduction band (CB) edge states of the three combinations are also plotted.



The reason for the opening of the bandgap compared to the average value is a strong
hybridization between the p- and d-metals in the B-ion positions as shown in Figure 3 where we
plot the projected density of states (DOS) for three systems: BaHfO3, SrSnOs, and their
combination BaHfSrSnOg. The projected DOS for the Hf-d and Sn-s/p orbitals change when
considering the two separated structures compared to the double perovskite and they show peaks,
in particularly Hf and Sn, in the double perovskite that are not present in the cubic ones. The
conduction band wavefunctions for the systems follow the densities: the d-like wavefunction
present around Hf in the BaHfO3 disappears in favor of a more intense s-like wavefunction
around Sn in the BaHfSrSnOg. The highest occupied molecular orbital (HOMO) is in general
formed by oxygen 2p states and the lowest unoccupied molecular orbital (LUMO) by states of
the B-ions. These features are typical of the perovskite oxides.

Candidates for One- and Two-photon Water Splitting

On top of analyzing the bandgap formation, we screen for two applications: one- and
two-photon water splitting. In the one-photon water splitting, a photon is absorbed by a single
semiconductor and creates an electron-hole pair. The electron and hole reach two different points
of the surface and evolve hydrogen and oxygen, respectively. In the two-photon water splitting,
two materials and two photons are needed for the evolution of H, and O,. Even if two photons
are required, the efficiency of a tandem device can be higher than the one obtained for the one-
photon device because of different bandgap windows under consideration. In fact, to run the one-
photon reaction a bandgap between 1.5 and 3 eV is required, while for the two-photon water
splitting, the optimal bandgap combination is 1.1 and 1.7 eV. In our screening, we consider
silicon as the 1.1 eV bandgap semiconductor for the evolution of hydrogen, in combination with
a material with a bandgap in the range 1.3 - 3 eV responsible for the oxygen evolution. In the
one-photon water splitting the band edges should straddle the redox potentials of water. For the
two-photon device, the valence band of the cathode should be above the conduction band of the
anode to let the electron move from the semiconductor to silicon and combine with the hole in
order to keep the charge neutrality. More detailed explanations can be found in Ref. 7.

The outcome of the screening is shown in Figure 2B. We find around 150 and 100
combinations for one- (in red) and two-photon (in blue) water splitting, respectively. 6 cubic
perovskites are particularly good to generate candidates independently of the other structure. As
described before, the unit cell is composed of 20 atoms. The resulting candidates for the
screening of the cubic perovskite oxides are shown with colored fonts in the diagonal of Figure
2B. Comparing the results obtained for the 5 and the 20 atoms unit cell, some combinations now
fall in or out of the interesting window for the one- or two-photon water splitting because of
distortions of the structure. This is the case, for example, of CaGeO3 or CaSnQg, for which the
most common structure is the orthorhombic perovskite with a significant octahedral tilting
followed by an increase of the bandgap that is now outside the visible range window, i.e. larger
than 3 eV. For some combinations the bandgap changes compared with the one calculated with
the 5 atoms unit cell because of a different lattice parameters. In general, the size of the bandgap
can be tuned applying a strain to the cell. This happens for GeTiO3 and RbNbO3, for example,
where the bandgaps narrow and lie in the visible range so that they might be used as light
harvesting materials.



CONCLUSIONS

In this work, we have applied a screening approach to investigate the electronic
properties of semiconductors in the double perovskite structure. We have focused on the problem
of light harvesting and of solar light conversion into hydrogen and oxygen. We have found a
general rule for combining elements to obtain a desired bandgap: two combinations with only p-
or d-metals in the B-ion positions show bandgaps close to the average gaps of the constituents,
while the combination of a p- and a d-metal results in an increase of the double perovskite
bandgap. The hybridization of the orbitals of the two A-ions is very small, so it has only little
influence on the change of the bandgap. A change in the volume is also influencing the size of
the bandgap. We have also proposed some combinations that potentially can be used as light
harvesting materials and that requires for a more thorough theoretical and experimental
investigation.
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Abstract We examine the performance of genetic algo-
rithms (GAs) in uncovering solar water light splitters over
a space of almost 19,000 perovskite materials. The entire
search space was previously calculated using density
functional theory to determine solutions that fulfill con-
straints on stability, band gap, and band edge position.
Here, we test over 2500 unique GA implementations in
finding these solutions to determine whether GA can avoid
the need for brute force search, and thereby enable larger
chemical spaces to be screened within a given computa-
tional budget. We find that the best GAs tested offer almost
a 6 times efficiency gain over random search, and are
comparable to the performance of a search based on
informed chemical rules. In addition, the GA is almost 10
times as efficient as random search in finding half the
solutions within the search space. By employing chemical
rules, the performance of the GA can be further improved
to approximately 12-17 better than random search. We
discuss the effect of population size, selection function,
crossover function, mutation rate, fitness function, and
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elitism on the final result, finding that selection function
and elitism are especially important to GA performance. In
addition, we determine that parameters that perform well in
finding solar water splitters can also be applied to discov-
ering transparent photocorrosion shields. Our results indi-
cate that coupling GAs to high-throughput density
functional calculations presents a promising method to
rapidly search large chemical spaces for technological
materials.

Introduction

The discovery of improved materials benefits science,
technology, and society. While there exist many methods
to uncover new materials, one promising and fairly recent
approach to materials discovery uses density functional
theory (DFT) calculations [1, 2] to predict properties of
known and hypothetical materials across a large chemical
space. This approach can be quicker and cheaper than
direct experimental study, and has led to new experimental
findings in fields as disparate as Li ion batteries, hydrogen
storage, magnetic materials, multiferroics, and catalysts
[3, 4].

One pressing societal problem is meeting world energy
demand in an environmentally responsible manner. A
possible contribution is to convert solar energy into
hydrogen and oxygen by means of a photoelectrocatalytic
solar cell. In this device, one or more photons split water
into H, and O, gases. These gases are stored and later
recombined to produce energy. An interesting class of
materials for solar water splitters is the perovskite family,
which consists of materials with general formula ABXj.

Recently, Castelli et al. [5, 6] used DFT to screen
approximately 19,000 perovskite materials as potential
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solar water splitters, and 20 interesting compounds were
identified for experimental followup. However, the result
highlights a fundamental challenge in materials discov-
ery: the number of interesting compounds comprises a
small fraction of the total number of possible com-
pounds. Therefore, a large number of calculations are
needed to find a relatively small number of interesting
materials.

While exhaustive search is sometimes achievable,
search spaces for new materials might encompass on the
order of millions or tens of millions of hypothetical com-
pounds. For example, the 5-atom perovskites screened by
Castelli et al. make up only a small portion of potentially
promising materials for this application. Unfortunately, the
number of DFT calculations that can reasonably be per-
formed on today’s computers is limited to the order of tens
of thousands. For example, the Materials Project required
over 10 million CPU hours to generate structural and
energetic data for about 30,000 materials [7, 8]. It is
therefore essential to improve the efficiency of computa-
tional search, so that enumeration of all members of a
search space is not needed to confidently uncover all good
candidates.

In this study, we investigate the use of evolutionary
algorithms [9] (which we subsequently refer to as
“genetic algorithms™) as an optimization model to reduce
the number of DFT computations needed to discover new
materials. We re-examine the dataset produced by Cas-
telli et al. [5, 6]. to determine whether the same prom-
ising candidates could be discovered with fewer
computations by employing a genetic algorithm (GA).
Our goal is to demonstrate that optimization algorithms
coupled to DFT calculations present a path forward to
searching very large chemical spaces for interesting
technological materials.

Several other researchers have investigated tiered or
algorithmic screening processes coupled to calculation
[10-13], and sometimes by employing GAs [14-20]. The
goal of this study is not to find new materials, but rather to
assess the robustness of the GA as an inverse solver for the
perovskite photocatalysis problem. We compare the effi-
ciency of GA search to competing methods of screening
materials, such as random search and a chemical rule-based
search. In addition, we distinguish between different forms
of GA by testing the performance of over 2592 parameter
sets in over 50,000 GA trials. We report the most crucial
parameters for achieving efficient GAs within the perov-
skite photocatalysis problem. Finally, we investigate
transferability of optimized GA parameters by applying
them to a second problem of searching for transparent
photocorrosion shields.
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Fig. 1 Two views of the cubic perovskite crystal structure for ABXj3
compounds. Atoms of type A (in yellow) are positioned at the cube
corners, B atoms (in blue) at the cube center, and X atoms (in red) at
cube faces. The B atoms are octahedrally coordinated by X, whereas
the A atoms are 12-fold coordinated by X (Color figure online)

Calculation methods
Search space and criteria for solar water splitting

Our search space consists of ABXj cubic perovskites with
5-atom unit cells. Perovskites are an interesting search
space because they display a diverse set of properties, and
many are technologically useful [21, 22]. The cubic
perovskite crystal structure is illustrated in Fig. 1. For the
cations A and B, a set of 52 potential elements were
selected as described by Castelli et al. [5, 6]. For the
anion group Xj, the search included seven mixtures of
oxygen, nitrogen, sulfur, and fluorine: O3, O,N, ON,, N3,
O,F, O,S, and OFN. In total, the search space consists of
18,928 compounds. The complete data set has been
reported previously [5, 6] and is freely available at the
Computational Materials Repository (CMR) web site
[5, 23, 24].

Potential water splitting materials were identified based
on band gap, enthalpy of formation, and band edge posi-
tions [5, 6]. A material is considered a solution if:

e The band gap (either direct or indirect) falls in the
range 1.5-3 eV.

e The heat of formation is less than 0.2 eV/atom. The
heat of formation is calculated using a linear program-
ming approach that considers a reference set of
approximately 400 elements, bulk single, and bi-metal
oxides, fluorides, sulfides, nitrides, oxyfluorides, oxy-
sulfides, and oxynitrides.

e The band edges (either direct or indirect) straddle the
H*/H, and O,/H,0 band level positions.

The total number of solutions within the search space,
including both known and yet examined compounds, is 20
[5, 6]. These compounds are listed in Table 1.
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Table 1 Solutions to the solar water splitting problem, and their calculated properties

Formula AH; Ear, dir dir End Eind End
LiVO, 0.18 2.05 —0.12 1.93 1.34 0.24 1.58
NaSbOs; 0.20 2.55 —0.10 245 1.54 0.41 1.95
MgTaO,N 0.18 273 —0.11 2.62 2.08 0.22 2.30
CaGeOs 0.16 274 —0.54 2.20 2.06 —0.20 1.86
CaSnOs 0.16 3.57 —1.02 2.55 3.04 —0.76 2.28
CaTaO,N 0.08 222 —0.43 1.79 222 —0.43 1.79
SrGeOs 0.16 1.70 —0.12 1.58 1.24 0.11 135
SrSnO; 0.00 3.39 —1.03 2.36 2.89 —0.78 2.11
SrTaO,N 0.00 2.15 —0.50 1.65 2.15 —0.50 1.65
YTaON, 0.14 2.50 —0.21 2.29 2.30 —0.11 2.19
AgNbO; 0.20 3.47 —0.27 3.20 2.95 —0.01 2.94
SnTiOs 0.10 271 —0.10 2.61 248 0.02 2.50
CsNbO; 0.18 2.87 —0.75 2.12 2.85 —0.74 2.11
BaGaO,F 0.10 2.50 —0.24 2.26 2.10 —0.04 2.06
BalnO,F 0.10 3.20 —0.63 2.57 2.60 —0.33 227
BaSnOs —0.08 254 —0.29 225 254 —0.29 225
BaTaO,N —0.02 2.05 —0.14 1.91 2.05 —0.14 1.91
LaTiO,N 0.06 2.49 —0.42 2.07 2.49 —0.42 2.07
LaTaON, —0.02 2.10 —0.07 2.03 1.80 0.08 1.88
PbGaO,F 0.18 3.80 —0.47 3.33 2.90 —0.02 2.88

These materials were originally reported by Castelli et al. [5], and the full data set can be downloaded at the Computational Materials Repository
[5, 23, 24]. All units are in eV; the designations “dir” and “ind” correspond to direct and indirect, respectively. The zero reference for band

levels corresponds to the Hy/H™ energy

Calculation details

The DFT calculations were performed using the GPAW
code [25, 26]. Total energies and structural relaxations
were calculated under the RPBE approximation [27]; band
gaps were calculated using the GLLB-SC semilocal func-
tional [28, 29] that was previously demonstrated to
improve the reliability of predicted gaps [6]. The band edge
positions were determined by an empirical method [30, 31]
that positions the center of the gap (Ef) at:

Er = Eo+ (tarzprX)"”’

where E is the difference between the hydrogen electrode
level and vacuum (Ey = —4.5 eV) and 7y; denotes the
Mulliken electronegativity of the element on site i. For
multiple elements composing the anion X3, the geometric
mean of electronegativities was used. The band edge
positions were obtained by adding and subtracting half the
calculated band gap from Ef.

All magnetic ions were initialized ferromagnetically. To
break cubic symmetry, atomic positions were displaced by
0.01 A prior to structural relaxation. However, we note that
several perovskite chemistries possess large driving forces
for more complex distortions [32], and any effect of these

distortions on the band structure were not modeled in the
data.

Genetic algorithm method

For a general introduction to GAs, we refer to several
previous works [20, 33-35]. We performed the GA in
Python using the open-source code Pyevolve, version
0.6rc1 [36, 37]. We modified some of the Pyevolve code
such that the GA engine operates as described in the fol-
lowing sections. Because the entire search space has been
precomputed with DFT, we fetch the result of all fitness
evaluations from an internal database rather than per-
forming a DFT calculation on-demand within the GA
framework. The same material might appear in multiple
generations of the GA; we only count unique materials
when reporting performance.

To account for variability in GA results, we repeat the
GA optimization routine 20 times (using different initial-
izations) and report the average and standard deviation of
the trials for each parameter set. In total, 2592 unique
parameter set combinations were attempted, leading to
2592 x 20 = 51,840 independent GA runs. The same
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procedure was repeated for optimizing transparent photo-
corrosion shields (51,840 additional GA runs). The
parameters we tested are described in more detail in the
following subsections.

Candidate encoding

Each potential materials candidate in the ABXj3 chemical
space was encoded as a three-element composition vector
C = [A, X3, B]. The first and third positions represent the
A and B cations in the ABX5 composition, and contain one
of 52 values, each of which corresponds to an element. The
middle position for X3 has one of seven values, each rep-
resenting a potential anion group. As an example, the
vector [3, 1, 4] corresponds to the perovskite candidate
“LiBeO3” (the Z values of Li and Be are 3 and 4,
respectively, and X3 = 1 represents O3 in our convention).
We structured the candidate vector in the order [A, X3, B].

We note that our choice of encoding means that our
technique is more appropriately described as an evolu-
tionary algorithm rather than a GA (in the latter, binary
strings are used for encodings). We examine this choice in
greater detail in the “Discussion”.

Population size and initialization

We tested three population sizes: 100, 500, and 1000. The
lower range of this set corresponds to approximately 0.5 %
of the total search space, whereas the upper range corre-
sponds to over 5 % of the search space. We found that
reducing the population size significantly below 100 led to
stagnation from insufficient diversity within the population,
making it difficult to obtain converged results.

The initial population was generated using random
values for each component of the composition vector. For
each GA input parameter set, the same set of 20 random
initial populations was repeated.

Fitness function

We note that when optimizing multiple, independent
objectives (e.g., stability, gap, and band edge position),
there is no “correct” way to rank materials. We tested three
different strategies for assigning a numerical fitness func-
tion to individuals in the multivariate case, although other
strategies such as the Pareto optimality ranking [35, 38]
also exist.

The first fitness function, which we call “Discontinu-
ous”, sums the values of a stability score, a band gap score,
and two band edge position scores. These component
scores are plotted in Fig. 2. The principle of the “Dis-
continuous” fitness function is to withhold awarding any
points unless a target property is fully met.
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We label the second fitness function tested as
“Smooth”. This function also sums a stability score, a band
gap score, and two band edge position scores. However, in
contrast to the “Discontinuous” function, the “Smooth”
function continuously increases the fitness score as an
individual becomes closer to meeting a target property. The
component scores for the “Smooth” fitness function are
also plotted in Fig. 2.

The third fitness function, which we denote as “Smooth
Product”, employs the same component fitness functions as
the “Smooth” fitness function (Fig. 2). However, rather
than summing the component fitnesses, we take a product
of the stability fitness with the sum of the band gap and
band edge position fitness. The principle of the “Smooth
Product” function is to assign higher fitness to compounds
that balance stability and desired electronic structure.

In each case, we normalize the maximum score to 30
potential points. For the band gap and band edges, we use
the higher score based on independent assessments of the
direct gap and indirect gap data.

Selection function and scaling factor

We tested three algorithms for selecting individuals as
parents for mating:

e Uniform selection—random individuals in the popula-
tion are selected to be parents without regard to fitness
score

e Roulette Wheel selection—the probability of an indi-
vidual to be selected as a parent is proportional to its
fitness function

e Tournament Wheel selection—a set of tournaments are
performed. In each tournament, a sample of the
population is randomly selected. The selected individ-
ual is the one with the highest fitness within the
tournament sample.

Whereas uniform selection involves no additional
parameters, both roulette wheel and tournament selection
are tunable through parameters that affect selection pres-
sure. A high selection pressure biases selection towards the
stronger individuals at the expense of population diversity.

For roulette wheel selection, we tune the selection
pressure through a linear scaling of the raw fitness scores.
The linear scaling approach prevents early dominance of a
single individual and helps distinguish individuals in later
generations (when raw fitness values might all be close to
optimal). Linear scaling modifies the raw fitness values in
each generation such that:

fl=af +b

where f' is the scaled fitness, fis the raw fitness and a and b
are constants that change upon each generation. The
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Fig. 2 The component fitness functions for solar water splitting. The
functions corresponding to the “Discontinuous” strategy are depicted
in the left column, whereas the component functions for the
“Smooth” strategy are plotted on the right side. We note that for

constants are selected such that (i) the average fitness
within the generation is maintained (f,y; = f;vg) and (ii) the
maximum fitness is equal to a constant C multiplied by the
average fitness (fy,, = Cfy,,)- The constant C is a free
parameter that represents the desired selection pressure.
We tested several values of C ranging from 1.25 to 10 in
our study, but automatically adjust it when necessary to
prevent negative scaled fitness scores.

In tournament selection, the scaling parameter does not
affect the results because the selected member depends
only on the fitness rank rather than its absolute value. We
instead tune the selection pressure through the tournament
size, with larger tournaments creating greater selection
pressure. We test a commonly used tournament size of two
individuals, as well as tournament sizes that are 5 and 10 %
of the overall population size.

Crossover function and rate

The crossover function determines how children are gen-
erated given two parents. We tested three crossover
functions:

e Single-point crossover—The parents swap either the A
or B cation (but not both) to produce two children.

e Two-point crossover—The parents swap the anion X3
to produce two children.

e Uniform crossover—A, B, and X3 are randomly
swapped between two parents. We explicitly prevent

ey
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the “Smooth” band gap function, we added a discontinuity for metals
(gap of zero), awarding such compounds zero points. The overall
fitness function involves either sums or products of the component
fitness functions, as described in the text

the children from being identical to the parents unless
parents are identical.

A pictorial representation of the crossover operations is
presented in Fig. 3.

The crossover rate determines what percent of the par-
ents mate to produce children; this parameter was set to
90 %, such that most parents selected for mating produce
children. The remaining 10 % are passed to the next gen-
eration without modification. This choice of crossover
rate is consistent with suggestions from previous studies
[39, 40].

Elitism

In many optimization problems, the performance of the GA
can be improved by intentionally carrying over some of the
fittest individuals of the current generation to the next
generation. In our implementation, such “elite” individuals
replace the least fit individuals of the new population. We
tested our GA with elitism turned off, and with 10, 50, and
75 % of the fittest individuals carried over to the next
generation.

Mutation function and rate
Our mutation function modifies an element of the compo-

sition vector to a random value. We tested mutation rates of
I, 5, and 10 %. We note that other potential mutation
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Fig. 3 Representation of crossover operations. A pair of parents
produces a set of two children. For single-point and uniform
crossover, multiple sets of children are possible and one is selected
at random

operators are also possible, such as switching the identities
of the A and B cation.

Convergence and additional mutation operators

When a single solution is targeted, typical convergence
criteria for GA are stagnation of population diversity or
failure of the fittest individual to improve with generation
number. However, our GA problem is multimodal, i.e.,
there exist several individuals that maximize our fitness
function. Our goal is to find all possible materials that meet
our design criteria, and we aim to prevent population
convergence to a single optimum rather than promote it.

To encourage multimodal optimization, we introduce
two additional mutation operators. The first, which we
call local mutation, mutates a single gene of any dupli-
cated individuals within a generation. This operator can
be thought of as performing a local search around a
duplicated solution. In addition to local mutation, we
detect when all members of the population were previ-
ously explored in a previous generation. In these instan-
ces, we introduce a global mutation that mutates a single
gene of the entire population and increases the crossover
rate to 100 % for a single generation. This “resets” the
search space when the GA becomes stuck on solutions
already explored in the past. We found that absent these
operators, our GA could stagnate for several thousand
generations, recycling the same individuals without pro-
ducing new solutions.

@ Springer

Other methods to tackle multimodal problems have been
developed; for example, a well-studied class of techniques
to handle multimodal problems, termed niching, attempts
to find specialized solutions within several regions of a
problem space. However, there exist many methods of
implementing niching, and additional parameters must be
optimized within each niching implementation [20, 35, 38,
41-44]. Therefore, we leave a comprehensive exploration
of niching to a future study.

Evaluating performance

To evaluate the performance of the GA, we tested it against
other methods and also on a different (but related) appli-
cation of transparent photocorrosion shields.

Chemical rule-based search method

In addition to the GA, we independently tested a rule-based
method of selecting compounds. This “chemical rule-based
search” provides a sense of how to prioritize a search space
using empirical knowledge and scientific principles. In
particular, we apply the following rules:

1. “Valence balance rule”—the formal oxidation states
of all the elements in a realistic ionic material must
sum to zero, such that the overall material is valence-
neutral. In situations where elements are known to
display multiple oxidation states (for example, the
transition metals), the condition must be met for at
least one of the oxidation state combinations. Materials
that cannot be valence-balanced, such as LiCaO;, are
completely excluded from the search.

2. “Even—odd electrons rule”—materials containing an
odd number of electrons are excluded because they
will contain a partially occupied eigenstate at the
Fermi level. These materials will necessarily be
metallic with zero band gap and therefore unsuitable
for solar water splitting.

3. “Goldschmidt tolerance factor ranking”—materials
fulfilling the first two rules are ranked using their
Goldschmidt tolerance factor [45]. The Goldschmidt
tolerance factor ¢ is based on the geometry of the
perovskite cell and assesses the likelihood of a material
to form the perovskite crystal structure. It is defined as:

_ (rat+rx)

\/E(FB +rx)

where r; corresponds to ionic radii of the i = A, B, and X3
sites. In an ideal perovskite, ¢ is equal to unity (fjgea = 1).
We ranked perovskites by the absolute deviation from this
ideal value, that is by |t — fqea1l, such that compositions
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that more closely meet the ideal perovskite structure are
tested first. For metals with multiple known ionic radii, we
used an unweighted average of known radii as the radius.
When the anion site X3 contains multiple elements, we
used a weighted average of the individual ionic radii.

These rules might approximate the intuition of a
researcher in prioritizing perovskite compounds for
computation.

Transparent photocorrosion shield screening

In addition to solar water splitters, the perovskite dataset
can also be used to screen potential transparent shields to
protect against photocorrosion, as recently reported by
Castelli et al. [5]. The need for a transparent protecting
shield lies in the difficulty of finding stable, medium-gap
perovskites needed for water splitting; usually, stable per-
ovskites tend to also have wide gaps [5, 6]. A wide-gap
shield might therefore be placed in front of a medium-gap
photo-absorber to enhance protection against (photo)cor-
rosion without affecting light capture properties.

From the point of view of the GA, the only component
that requires modification to address this new problem is
the fitness function. In particular, we are now screening for
direct gap semiconductors with gaps greater than 3 eV in
order to obtain transparency. In addition, the band edge
position criteria now stipulates that the valence band of the
shield must lie between the valence band position of the
water splitter and the oxygen evolution potential. This
corresponds to a valence band position lying between 1.7
and 2.5 eV with respect to the H*/H, level [5]. There is no
restriction on the position of the conduction band, other
than that implied by the band gap and valence band criteria.

The modified component fitness functions are plotted in
Fig. 4. The overall fitness functions, “Discontinuous”,
“Smooth”, and “Smooth Product” are taken as sums and
products of the component functions similarly to solar
water splitting. There exist 8 solutions in our search space
to the transparent shield screening problem (Table 2).

We re-tested all 2592 GA parameter sets that were
examined for water splitting for the transparent shield
problem, with 20 trials for each parameter set, resulting in
51,840 additional GA runs.

Efficiency metric

We evaluate the robustness of both GAs and chemical rules
against a standard benchmark of random guesses within the
search space. The metric used for comparing algorithms is
the expected number of computations needed to produce a
given number of solutions to the problem. In particular, we
focus on the average number of computations needed to

uncover all solutions as well as the average number of
computations to produce any half of solutions. We define
the efficiency (or robustness) of an optimization strategy as
the ratio of the average number of calculations needed for
random search to the average number of calculations nee-
ded by the GA to produce a given number of solutions:

n
e = Crand

cgpl

where e" represents our definition of efficiency in finding n
solutions, cg,, is the average number of calculations needed
by the optimization strategy to find n solutions, and cf, 4 is
the average number of calculations needed for a random
search strategy to find n solutions. For random search, the
average number of computations ¢ to produce n solutions is
given mathematically by [46]:
o _nl D)

rand (S =+ 1)
where x is the size of the search space (18,928) and s is the
total number of solutions (20 for water splitting and 8 for
photocorrosion shields). The number of computations ¢, 4
needed to obtain n = 10 and n = 20 solutions for water
splitting is 9014 and 18,028, respectively, when randomly
choosing candidates. An efficiency of 2 therefore indicates
that 4507 and 9014 computations were needed to find
n = 10 and n = 20 solutions, respectively.

ANOVA

To compare the contributions of each parameter choice to
the GA’s efficiency, we used the analysis of variance
(ANOVA) method [47-49]. ANOVA allows one to assess
what factors are statistically relevant to influencing a result,
the relative degree of importance of each factor, and
potential interactions between parameters. We performed
the ANOVA using Matlab’s multi-way anovan() method.
Statistical tests were performed with a 95 % confidence
level, and the multiple comparison test was performed
using “Tukey’s honestly significant difference” criterion.

Results

Now that we have introduced our GA parameter choices
and efficiency measure, we compare a GA-guided search to
random and chemical rule-based search. In Fig. 5, we plot
the average number of fitness evaluations (DFT computa-
tions) needed to achieve a given number of solutions.
Random search, depicted by a black line, requires on
average over 18,000 fitness evaluations in order to find all
solutions in the search space. The best-performing GA is
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functions, as described in the text. The band edge position
corresponds to the valence band, with the zero value taken to be at
the H'/H, level

Table 2 Potential photoanode shields investigated in this work, and their calculated properties

Formula AH; Egn, dir Edr En End End
CaSnOs 0.16 3.57 —1.02 255 3.04 —0.76 2.28
RbTiO,F 0.16 3.60 —0.86 274 3.10 —0.61 2.49
RbNbO; —0.36 3.87 —1.18 2.69 3.42 —0.96 2.46
SrTiO; —0.24 431 —1.71 2.60 4.08 —1.60 248
SrGaO,F 0.18 3.80 —1.21 2.59 3.10 —0.86 224
SrSn0s 0.00 3.39 —1.03 236 2.89 —0.78 211
CsTaOs —0.38 3.51 —1.05 2.46 3.51 —1.05 2.46
BalnO,F 0.10 3.20 —0.63 257 2.60 —0.33 227

These materials were originally reported by Castelli et al. [S], and the data can be downloaded at the Computational Materials Repository [5, 23,
24]. All units are in eV, the designations “dir” and “ind” correspond to direct and indirect, respectively. The zero reference for band levels

corresponds to the Hy/H" energy

reported in Table 3 and represented in blue in Fig. 5. On
average, this GA requires fewer than 3100 calculations to
find all 20 solutions in a space of almost 19,000 possibil-
ities, making it 5.8 times as efficient at searching the
perovskite chemical space compared with random search
(Table 4). The variation in performance over 20 trials is
small compared to the total number of evaluations (Fig. 5),
with the standard deviation ranging from 81 evaluations in
finding a single solution to 712 evaluations in finding all 20
solutions. Therefore, by employing a GA, one could have
confidently searched the entire chemical space of ABXj3
peroxides using only about one-sixth as many calculations
compared with computing the entire space. Stated another
way, our result suggests that given a fixed computational
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budget, the use of the GA allows one to search chemical
spaces that are much larger than the number of available
calculations.

In Fig. 6, we compare the performance of our best GA
versus the chemical rule-based strategy described in
“Chemical rule-based search method”. We note that our
chemical rules are a difficult benchmark to surpass; rules
(1) and (2) of our rule-based search eliminate 11,587
compounds, or 60 % of the search space, from the search.
In addition, rule (3) informs which of the remaining indi-
viduals are likely to be stable based on specific knowledge
of the perovskite structure. In contrast, the GA must learn
these types of rules dynamically over the course of opti-
mization without any prior knowledge. The GA has no
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Fig. 5 The average number of calculations needed to produce a given
number of solutions to the solar water splitting problem for genetic
algorithms versus a random strategy. The best-performing GA (blue)
requires significantly fewer calculations than a random strategy
(black) to find potential solar water splitters. The error bars represent
one standard deviation from the average performance over 20
independent runs of the genetic algorithm (Color figure online)

Table 3 Parameters for the best GA in finding both 10 and 20
solutions, as described in the text

Parameter Value

Population size 100
Fitness function Smooth product
Selection function Binary tournament
Crossover function Single point
Elitism 50 %

Mutation rate 5 %

The performance data for this parameter set is listed in Table 4

knowledge of what the genome or the fitness function
represents; its only information comes from matching
genome vectors to the numerical results of fitness evalua-
tions. Despite these limitations, the best GA is comparable
to search with basic chemical rules designed to tackle a
specific materials problem (Fig. 6). This suggests that GAs
might provide a path forward in problems where chemical
rules are not available to the researcher in advance.

We also investigated whether the GA can benefit from
knowledge of chemical rules. We re-ran the best GA but
simulated a situation in which the 11,587 compounds that
can be excluded based on chemical rules (1) and (2) are not
calculated. The GA proceeds as before, but we return a
fitness function of zero for any excluded compound and do
not count it as as being ‘searched’. This method crudely
approximates a “knowledge-directed” GA in which out-
side information is employed to guide the search. The

Table 4 Efficiency of chemical rules and GA in finding 10 and 20
solutions to the one-photon water splitting problem

Parameter set 10 solutions All 20 solutions

Chemical rules 9.2 4.5
Best GA 9.8 5.8
Best GA + chemical rules 16.9 11.7

Random search is defined to have an efficiency of 1

results for this method are indicated in green in Fig. 6 and
demonstrate that a knowledge-directed GA outperforms
both chemical rules and uninformed GA by themselves.
The knowledge-directed algorithm represents factors of
11.7, 2.6, and 2.0 improvements in finding all solutions
compared with random search, chemical rules alone, and
GA alone, respectively. The performance data for all
methods is summarized in Table 4.

Next, we examine how the six GA parameters (cross-
over type, population size, selection method, mutation rate,
elitism, and fitness) influence robustness of the GA in
finding all 20 solutions. We first analyze the data using
ANOVA without considering interactions between
parameters. We find that all parameters except the mutation
rate statistically influence the GA efficiency using a 5 %
confidence test (the mutation rate has a p value of 18 %). It
may be the case that the local and global mutation opera-
tors introduced in “Convergence and additional mutation
operators” generate sufficient population diversity such
that additional mutations are not needed to improve GA
performance.

After removing mutation from the analysis, we assessed
the contribution of each remaining parameter to the GA’s
robustness through the #> parameter. A large > indicates a
large effect of the parameter on GA efficiency while a
small 7* suggests that the parameter (while statistically
significant) produces only a small effect. The portion of the
result that cannot be prescribed to a single parameter is
lumped into an “error” term. This term encompasses both
interactions between parameters and also randomness of
the GA (e.g., due to different initial populations). Table 5
lists the 5> measure for all parameters and the error term.
The two major parameters affecting the results are elitism
and selection method (Table 5). The population size,
crossover type, and fitness function have statistically sig-
nificant but marginal effects on the results.

We also studied an ANOVA model with pair interac-
tions included (Table 6). Almost all interactions are very
small. However, there exists one very significant interac-
tion between elitism and the selection function. This strong
interaction can be attributed to an unfavorable combination
of zero elitism paired with either uniform selection or
“weak” roulette selection (scaling factor of 1.25). In the
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Fig. 6 The average number of calculations needed to produce a given
number of solutions to the solar water splitting capture problem for
genetic algorithms versus chemical search. The best GA without any
chemical guidance (blue) performs comparably to chemical rules
(orange). The “knowledge-directed” GA for which the search space
is reduced through chemical constraints (green) significantly
improves upon chemical rule-based search and uninformed GA.
The error bars represent one standard deviation from the average
performance over 20 independent runs of the genetic algorithm (Color
figure online)

case of uniform selection, the fitness function is used
nowhere in the GA when elitism is absent; we are essen-
tially performing a random search. We suspect that weak
roulette selection behaves similarly, with the fitness func-
tion too weakly distinguishing good and bad individuals
without the added selection pressure of elitism.

Now that we have determined which factors and inter-
actions are most important to the GA robustness, we
examine exact parameter values that yield good or bad
efficiency using a multiple comparison test. This test pro-
duces the marginal mean number of calculations required
to find 20 solutions to solar water splitting along with a
confidence interval. It allows us to determine which
parameter values are distinct from one another, and how
they affect robustness. In Fig. 7, we plot the results of the
multiple comparison test for selection method, crossover,
population size, elitism, and fitness function. Parameters
with the same color and symbol in Fig. 7 do not differ
much in their effect and can be considered equivalent.

In terms of selection, there exist two groups of param-
eters (Fig. 7). The uniform and “weak” roulette
(C = 1.25) methods both perform poorly compared to
other selection methods. As discussed previously, these
selection methods either partially or completely fail to take
into account the fitness function. The best results are found
for “strong” roulette (i.e., roulette with a scaling factor
equal or higher than 2.5), although similar results can also
be obtained with tournament selection. While robustness
slightly increases as roulette selection becomes stronger, it
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Table 5 Percentage of variance (%) prescribed to various GA
parameters from ANOVA (run without interactions) for the problem
of finding all 20 solar water splitters

Parameter Percentage of
variance (nz)

Elitism 33.9

Selection function 19.4

Population size 3.0

Crossover function 2.8

Fitness function 2.0

Error 39

The effect of the mutation rate is not statistically significant

slightly decreases as tournament selection becomes
stronger.

Figure 7 highlights that the absence of elitism is extre-
mely undesirable. However, the positive effect of adding
elitism appears to saturate somewhere around 50 %; we do
not see any difference between the elitism rate set at 50 and
75 %.

When examining the crossover function, both single-
point and uniform crossover significantly outperform two-
point crossover (Fig. 7). Two-point crossover operator
swaps X3 between parents to produce children, but our
problem contains only seven potential values of X3. Many
parents will share the same X3, and children will be iden-
tical to parents. The two-point crossover is therefore not
appropriate for our problem as it is unlikely to generate
sufficient population diversity. In general, it should be
noted that our results regarding crossover operations are for
a 3-element genome and may not apply to the more com-
mon situation of having larger genomes. Therefore, our
results on crossover should be viewed as specific to this
application.

Regarding the fitness function, Fig. 7 demonstrates that
the “Smooth Product” function performs the best, followed
by the “Smooth” function and finally the “Discontinuous”
function. These results suggest two guidelines in designing
the fitness function. First, awarding partial points for partial
solutions is helpful for the GA. Second, when designing
multi-objective functions it appears to be beneficial to take
products of individual fitness functions rather than sums.

Finally, Fig. 7 suggests that the population size should
not be too large. For a given number of total calculations,
large population sizes involve fewer generations and
therefore fewer GA operations per individual. The poorer
performance of large populations reported in our study may
largely be due to this discrepancy.

A visual summary of the effects of various parameter
choices is presented in Fig. 8. The diagonal elements in
Fig. 8 represent the average efficiency when holding a
single GA parameter constant while averaging over all
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Table 6 Percentage of variance (%) prescribed to various GA
parameters and two-parameter interactions from ANOVA for the
problem of finding all 20 solar water splitters

Parameter Percentage of
variance (nz)

Elitism 33.9

Selection function 19.4

Elitism and selection function 21.7

Population size 3.0

Crossover function 2.8

Fitness function 2.0

Population size and elitism 0.6

Population size and selection function 0.4

Crossover function and selection function 0.4

Selection function and fitness function 0.3

Elitism and fitness function 0.3

Crossover function and elitism 0.1

Population size and fitness function 0.1

Crossover and fitness function 0.1

Error 14.8

Insignificant parameters and interactions are not listed

potential values of the remaining parameters. Off-diagonal
elements in Fig. 8 represent the average efficiency when
holding two parameters constant and averaging over the
remaining parameter values. By examining Fig. 8, we see
visually many of the conclusions determined through
ANOVA. For example, the dark row and column in the
matrix where elitism is zero illustrates the strong negative
effect of this parameter choice. It is also easy to pinpoint
the unfavorable interaction between lack of elitism and
uniform selection or weak roulette selection (dark red).
However, it is difficult to assess the statistical significance
of differences. Therefore, Fig. 8 should be considered a
rough overview map of parameter space.

In summary, our study suggests several guidelines when
designing GA for perovskite oxide solar water splitters.
First, elitism should be set high, for example to half the
population. A “strong” roulette or tournament selection
method should be used. While of less importance than
selection and elitism, we can also recommend a population
size small enough to enable several GA operations per
individual (100, or 0.5 % of the search space, was optimal
in our tests) and a Smooth fitness function that is the
product of several individual functions.

While these recommendations pertain to finding all 20
solutions to the perovskite solar water splitting problem, it
is interesting to test how they generalize to other problems.
As a first example, we consider the problem of finding only
half the number of solutions in the search space and re-
examine our suggestions for parameter choices. The metric

of evaluations needed to find any 10 solutions might be
important in computational screening if our desire is to
quickly pinpoint a few compounds for laboratory followup.
Table 7 lists the #* values for single-factor ANOVA but for
the problem of finding 10 solutions to the solar water
splitting problem.

The main difference between the ANOVA results for the
10 versus 20 solutions is with respect to the population
size. While the population size explained only 3 % of the
variance for 20 candidates, it is much important (13.2 %)
for 10 candidates. In both problems, smaller population
sizes (100) are more favorable than larger ones. However,
the benefits of a small population size are much more
pronounced when targeting 10 candidates. This might be
because small population sizes carry less diversity than
large populations, presenting a natural disadvantage in
searching globally for multiple optima. Large populations
are slow to find initial solutions because of fewer GA
operations for a given number of calculations, as discussed
earlier. However, once these rules are discovered the
greater diversity in large populations could become
advantageous in searching globally for solutions.

Using a multiple comparison test (Fig. 9), we find that
another major difference in finding 10 versus 20 solutions
is the choice of selection method. Whereas obtaining 20
solutions favored strong roulette selection, obtaining 10
solutions favors a strong tournament selection rule (tour-
nament size of 5 or 10 %). In both cases, binary tourna-
ment selection performs similarly to strong roulette
selection. It might be the case that tournament selection
overall creates more selection pressure than roulette
selection. Similar to small population sizes, the very high
selection pressure of strong tournament selection might be
advantageous for finding solutions within a small region of
chemical space but be suboptimal in finding solutions
globally.

Figure 10 plots the efficiencies of finding ten and all
solutions for each of the 2592 parameter sets. The two
properties are correlated, suggesting that the same param-
eters might be used for both problems. In particular, we
label the “best” GA overall, and note that it performed
optimally in finding both 10 and 20 solutions. As discussed
previously, Fig. 10 indicates that large population sizes
(green diamonds) are less efficient than small population
sizes (blue circles and orange squares), and even more SO
when attempting to find only ten solutions.

As a second test to the transferability of our recom-
mended GA parameters, we attempt to identify transparent
photocorrosion shields as described in “Transparent
photocorrosion shield screening”. In Fig. 11, we compare
the efficiency of each set of GA parameters in optimizing
the solar water splitter problem to the efficiency in opti-
mizing the transparent shield problem. We note that the
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Fig. 7 Multiple comparison test demonstrating the effect of various
parameter choices. Parameters that are statistically different from one
another are represented by different colors and symbols. For example,
single-point and uniform crossover are statistically different from

Fig. 8 Average efficiency in
finding 20 solutions when
constraining one or two

two-point crossover, but not from each other. The value on the x-axis
represents average number of computations needed to reach 20
solutions to the solar water splitting problem; lower values represent
better performance (Color figure online)
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best performance for the transparent shield problem is
approximately 8 times more efficient than random search
(Fig. 11), demonstrating the GA is also applicable to a
second problem.

In general, there exists a correlation between the two
problems: a GA parameter set that performs well in iden-
tifying solar water splitters is also more likely to identify
transparent shields efficiently (Fig. 11). However, there is
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considerable scatter in the relation, which suggests that
unfortunately even similar problems over the same chem-
ical space require slightly different GA parameters for
optimal performance.

It should be noted that chemical search outperforms the
GA in finding transparent shields, with 13.4 times
improvement over random search to find all 8 solutions.
Chemical rules might perform better in finding fewer
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Table 7 Percentage of variance (%) prescribed to various GA
parameters from ANOVA (run without interactions) for the problem
of finding 10 solar water splitters (half of all potential solutions)

Parameter Percentage of
variance (112)

Selection function 25.6

Elitism 20.4

Population size 13.2

Crossover function 1.2

Fitness function 1.0

Error 38.6

The effect of the mutation rate is not statistically significant
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Fig. 9 Multiple comparison tests illustrating the effect of selection
function in determining the number of calculations needed to find 10
solutions for water splitting (fop) and all 8 solutions for photocorrosion
shields (bottom). The uncertainty values for photocorrosion shields are
similar in magnitude to the marker size, and are omitted. Parameters that
are statistically different from one another are represented by different
colors and symbols. In both problems, tournament selection with a high
tournament rate outperforms roulette selection

solutions (as in the transparent shields problem), whereas
GA might be able to outperform chemical rules when
finding a greater number of solutions (as in water splitting).
In Fig. 6, for example, we see a sharp dropoff in the per-
formance of chemical rules after about 15 solutions found.

We perform a single-factor ANOVA on the photocor-
rosion shield data set to assess any difference in important
parameters compared to solar water splitting. The results,
presented in Table 8, are mostly similar to the water
splitting case. However, elitism is an even greater factor in
the transparent shields problem. In addition, a multiple
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Fig. 10 Efficiency of the GA in finding all 20 solutions (y-axis)
versus efficiency in finding 10 solutions (x-axis) to the solar water
splitting problem. Each point represents one of the 2592 parameter
sets tested. The data is labeled by population size. The parameter set
we consider to be the “best” exhibits optimal efficiency in finding
both 10 and 20 solutions

Efficiency (transparent shields, all)
v

6
Efficiency (one-photon water splitters, all)

Fig. 11 Efficiency of the GA in finding all 8 photoanode transparent
shields (y-axis) versus efficiency in finding all 20 one-photon water
splitters (x-axis). Each point represents one set of GA parameters

comparison test (Fig. 9) demonstrates that strong tourna-
ment selection is optimal for finding all transparent shields,
whereas strong roulette selection was optimal for finding
all solar water splitters (Fig. 7). In this respect, finding all
transparent shields is similar to finding only 10 solutions
for water splitting. This similarity might originate because
there exist only 8 solutions for the transparent shield in the
search space, suggesting that we should use parameters that
rapidly find a small number of solutions.

In conclusion, the parameters with the largest effects on
the results are elitism, selection method, and population size.
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Table 8 Percentage of variance (%) prescribed to various GA
parameters from ANOVA (run without interactions) for the problem
of finding all 8 transparent photocorrosion shields

Parameter Percentage of
variance (nz)

Elitism 43.1

Selection function 20.0

Population size 5.0

Fitness function 0.8

Crossover function 0.4

Error 30.6

The effect of the mutation rate is not statistically significant

In particular, zero elitism is particularly detrimental to GA
performance, especially when employing weak selection
methods. The exact tuning of the parameters, and in partic-
ular the choice of strong roulette versus strong tournament
selection, appears to depend on the problem. For example,
our results suggest that higher selection pressures should be
used when targeting fewer solutions. However, there exists
overall a strong correlation between parameters that perform
well on one problem versus other similar problems.

Discussion

While we have so far mainly discussed the GA as a “black
box” optimizer, we now consider its operation in more
detail. To help understand how a GA might improve per-
formance in our problem, we refer to a previous study by
Calle-Vallejo et al. [50] on trends in perovskite stability in
pure oxides. Using DFT computations similar to those
employed in this work, Calle-Vallejo et al. [50] observed
that the enthalpy of formation was mostly constant for a
given B ion (B*" and B*" behave differently). This result
might help explain the efficiency of the GA: we would
expect that ‘fit" parents with favorable ‘B’ genes will
produce children that inherit this B-site ‘gene’ that confers
good formation enthalpy. In addition, there is also evidence
from Calle-Vallejo et al.’s results that perturbations to the
formation enthalpy due to the A site should follow the
same rank and general direction independently of the B site
(although the magnitude might vary depending on B) [50].
Thus there also exist ‘desirable’ values of the A gene that
could be passed between generations. We speculate that
similar trends may hold true for the band gap and band
position criteria. For example, there exists a weak relation
between formation enthalpy and band gap that suggests
that the factors that control formation enthalpy might also
tune the band gap [5, 6].

We note that our choice of encoding of a material into a
genome string might affect GA robustness. Our encoding
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employed a short genome of length 3 with a high cardi-
nality alphabet that contained up to 52 values. The
advantage of this encoding was that it was trivial to encode
and decode between a perovskite material and its genomic
representation. However, this might not be an optimal
encoding in terms of robustness, because it treats each
element in the periodic table as an independent entity. In
particular, it neglects chemical relationships between ele-
ments in the periodic table. For example, our encoding
prevents a crossover operation from mixing an early tran-
sition metal with a late transition metal to produce an
intermediate transition metal. Such an operation might be
achieved by representing each element in a binary or Gray
coding that represents electronegativity or Mendeelev
number. This representation would allow a child to inherit
an element that is intermediate in chemical behavior to its
parents. In GA terms, this would create a long genome with
a low cardinality alphabet. Such representations present
more opportunities to find and mix building blocks that
confer fitness, thereby enhancing efficiency [9, 35, 51].

Our target problem was difficult in some respects: it is a
multimodal problem with several solutions and in which
the relationship between formation enthalpy, band gap, and
band edge position is complex and unknown. However, our
search problem was also simpler than many realistic
materials design scenarios because our search space only
involved a single generalized composition (ABX3) and a
single crystal structure (perovskites). Many important
materials design studies must search over several different
composition templates and structure prototypes. For
example, a recent computational investigation by Berger
and Neaton [52] suggested that a Cr—V mixture in a double
perovskite structure might be interesting for water splitting,
and a separate computational study by Wu et al. [53]. found
many potentially interesting water splitters by canvassing
chemical substitutions into the ICSD database. Extension
of our scheme to double-perovskites should be straight-
forward by increasing the length of the feature vector, but
significant changes to materials encoding and crossover
operations would be needed to test all the diverse structures
found in the ICSD. However, we believe that this issue
does not pose a major barrier to employing GA in more
sophisticated searches. In particular, there exists a rich and
successful history of employing GA coupled with compu-
tation to predict new crystal structures [33], and appro-
priate operators for crossover, selection, etc., have already
been developed for searching over both crystal structures
and compositions with a GA [54, 55].

We note that integrating GAs, or any optimization
algorithm, into high-throughput computational searches
still requires further effort. In particular, the GA imple-
mentation tested herein relies on completing one genera-
tion of computations before beginning the next generation.
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The typical way to parallelize this type of GA is to assign a
“controller” node to coordinate the GA engine and assign
the remaining nodes as “workers” that perform fitness
evaluations (DFT computations). There are at least two
major limitations with this setup. The first limitation is that
the number of worker nodes must always balance the
number of fitness evaluations needed in each generation in
order to keep the workers occupied with computing tasks.
Therefore, the number of worker nodes and the parallel-
izability of the fitness evaluations will restrict the choice of
GA parameters. More worker nodes will stipulate higher
population sizes, lower elitism, or improved paralleliz-
ability in evaluating the fitness function. A second limita-
tion is that the controller node must wait for all fitness
evaluations within a generation to complete before pro-
ceeding with selection, crossover, and mutation operations.
A single DFT computation that is slow-to-converge might
thus impede the progress of the entire GA. This is a real
problem with DFT computations because time to comple-
tion can vary by days and is difficult to predict in advance.

Fortunately, alternate GA models have been designed
that overcome such limitations in parallelization [35, 56, 57].
For example, in an asynchronous GA, the GA operators
are immediately applied after each fitness evaluation using
the population available at the time. Another technique is
to perform independent GAs on different processors, but to
communicate fittest individuals observed between GA
instances. These methods, as well as others that have been
devised [35], solve both issues presented earlier by ensur-
ing that compute nodes are never kept idle. We note while
other optimization techniques such as simulated anneal-
ing are also available [13], a major advantage of the GA is
its potential for attaining high parallel performance [58]
and integration into high-throughput computation. How-
ever, a necessary step forward to the automated inverse
design of materials is the integration of the optimizer into
one of several existing high-throughput DFT frameworks
[7, 23,59, 60].

We hypothesize that a more advanced GA might further
improve performance beyond the values reported in this
work. For example, niching, the use of a Pareto optimal rank
fitness function, and a more flexible encoding were already
mentioned as potential enhancements [35]. In addition,
previous work by Balamurugan et al. [61]. suggests that a
“hybrid” approach, whereby a GA is coupled to local search
using alchemical derivatives [62, 63], might be a promising
avenue for further performance improvements.

Conclusion

We demonstrated that use of a GA improves the efficiency of
searching a chemical space of almost 19,000 perovskites for

solar water splitters. The GA was especially useful at rapidly
finding half of the solutions (almost 10 times efficiency gain
over random search), and provided up to a 5.8 greater effi-
ciency in finding all solutions. The performance of the best
GA tested was comparable to a set of chemical rules we
designed to filter and rank perovskite materials for this
problem. A GA might therefore be applied in situations
where chemical rules are not known in advance. Combining
the GA with chemical rules further improved performance,
leading to 16.9 and 11.7 times less fitness evaluations needed
than random search to find 10 and all 20 solutions, respec-
tively. We further found that in an alternate problem aimed at
uncovering transparent photocorrosion shields, the GA per-
formed 8 times more efficiently than random search.

Using ANOVA, we determined that the most important
parameters for good performance were elitism and selec-
tion function. The GA performed best when the elitism was
set to at least 50 %. The appropriate selection function
appears to depend on the number of solutions in the search
space. For finding all 20 solutions to the solar water
splitting problem, strong roulette selection performs best.
For finding 10 solutions to the water splitting problem or 8
solutions to the photocorrosion problem, a strong tourna-
ment selection performs better. In all cases, we found small
population sizes to be beneficial, although the advantage
diminished with the desired number of solutions.

We speculate that further gains in GA performance might
be obtained through niching, longer genome encodings, or a
Pareto optimal fitness function. While significant work still
remains to couple a GA “control loop” to an automated and
rapid DFT computation framework, our results suggest that
such a technique presents a viable method to rapidly screen
large chemical spaces for technological materials.
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Abstract We use density functional theory (DFT) cal-
culations to investigate the stability of cubic perovskites
for photo-electrochemical water splitting taking both
solids in their bulk crystal structure and dissolved phases
into account. The method is validated through a de-
tailed comparison of the calculated and experimental
Pourbaix diagrams for TiOs and ZnO. For a class of
23 oxides, oxynitrides, and oxyfluorides, which were
recently proposed as candidates for one-photon water
splitting, our calculations predict most of the materi-
als to be stable at potentials around the water redox
level. The oxides become less stable at lower potentials,
while the oxynitrides become unstable at higher poten-
tials. We discuss the implications of these findings for
the problem of photo-corrosion of water splitting elec-
trodes.
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1 Introduction

Over the past decade, the interest in using ab-initio
computational methods for accelerated materials dis-
covery has increased dramatically. This trend has been
fueled by the continuous increase in computer power
and improvements in the methodology, but has also re-
lied on the development of a better understanding of
how the ultimate properties of a material for a given
application can be inferred from simpler microscopic
quantities (descriptors) that can be obtained efficiently
from first principles calculations [1,2]. As a few exam-
ples where quantum mechanical calculations have been
used to search for new, cheaper and more efficient ma-
terials we mention computational screening for highly
stable metal alloys [3], semiconductor superlattices with
tailored band gaps [4], battery cathode [5] and inorganic
scintillator materials [6], molecules for organic photo-
voltaics [7-9], and high-performance piezoelectrics [10].

The single, most important criterion for a material
to be used in any type of application is stability. The
precise requirements on the material stability of course
depend on the application and may be more or less re-
strictive depending on the conditions under which the
material should function. Here we consider a case where
stability is of key importance, namely the search for
new electrode materials for photo-catalytic water split-
ting. The present work is a continuation of our earlier
works [11,12] where we proposed 20 candidate materi-
als based on an extensive computational screening of
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cubic perovskites in which the stability and position
of the conduction and valence band edges were eval-
uated against a set of design criteria [11,12]. Here we
extend the stability analysis to include the possibility of
corrosion of the perovskites under different electron po-
tential and pH conditions using the so-called Pourbaix
diagrams.

The one-photon water splitting device splits water
by a direct use of the energy from the Sun: a photon
with suitable energy is collected by a nanoparticle im-
mersed in water and an electron-hole pair is created.
The electron and hole reach two different points of the
surface of the materials and, if their band edges are
well positioned with respect to the red-ox potentials of
water, the electron evolves hydrogen and the hole oxi-
dizes water. A number of materials have been studied
in depth in connection with the water splitting prob-
lem, mainly because of their high stability and/or good
optical properties. A few examples are TiOy [13] (that
works in UV light) and, more recently under visible
light, the solid solution GaN:ZnO [14] as well as few
oxynitrides in the perovskite structure [15]. However,
due to the harsh oxidizing conditions and the light ir-
radiation, most materials with optimal band edge posi-
tions are either oxidized or corrodes away, making the
search for stable and efficient photo-electrodes a highly
challenging task.

2 Method

In our previous work [11,12,16], we evaluated the sta-
bility of a compound by a direct comparison with a lin-
ear combination of the most stable, solid, experimental
structures with the same chemical elements as present
in the ICSD or in the Materials Project databases [17,
18]. We calculated all the energies using the electronic
structure code GPAW [19,20] with a standard general-
ized gradient approximation (GGA) exchange-correlation
functional in the form of the RPBE-approximation [21].
As an example, we consider the possible phase separa-
tion of the BaTaO2N cubic perovskite:

BaTaO2N ) + cgHy(g) = c1Bagg) + caTag) +
+ ¢3Ba0y) + c4TazO5(5) +
+ esBasTayO15¢5) + c6HaO(g) +
+ 7Ny

(1)

where (s) and (g) indicate that the reference is in the
solid and gas phase, respectively. Because the energy of
the oxygen molecule is not well described by standard
DFT we obtained the energy of oxygen as the energy
difference between water and a hydrogen molecule (i.e.,
O = HoO—Hy). With this definition, each oxygen atom

is taken at the chemical potential of water. Hydrogen
is at its standard reference, Hy in the gas phase. The
formation energy, AFE, is thus defined as:
AFE = BaTaOsN +

— mi_n(clBa + ¢ Ta + c3BaO

+ C4Ta.205 + C5B&5Ta4015 + 660 + C7N2) 5 (2)

with the constraints:

>, Ba=1, ZciTazl,
d eN=1,

9

2. ¢0=2, 3)

which ensures the correct and with

Cizoa

(4)
which ensures that only the references containing Ba,
Ta, O, and N are considered. A material is defined sta-
ble if AE < 0.2 eV /atom allowing for some metastabil-
ity and inaccuracy in the calculations.

The scheme proposed so far did not cover the follow-
ing two scenarios: (i) chemical reactions of the material
with the water , and (ii) corrosion of the materials, i.e.
its dissolution into charged ions in aqueous solution.
The general reaction describing both of these effects is:

R 4+ wHy0 = pP + hHT 4+ ne™ | (5)

where R and P stand for reactants and products, and
HT, and e~ indicates a dissolved proton and an elec-
tron at the Fermi level of the material, respectively. The
equilibrium between reactants and products in (5) can
be calculated using the Nernst equation. For a given
concentration of the involved species (a;), the electro-
chemical potential, U, (which sets the energy of the
electrons) under which the reaction (5) is in equilib-
rium, is given by

(ap)?(ag+)"
VR R (6)
(ar)"(an,0)

where AG is the standard free energy of the reaction
in eV, the number 0.0591 equals RT In(10) at room
temperature (T' = 25°C). Taking ap,0 = 1 and pH =
—log ayg+, we can rewrite Eq. 6:

(@) 6 05915 pH . (7)
(ar)"

One of the main limitations of the Nernst equation is
that it does not include the reaction kinetics, but only
the termodymamics. Other problems are that at high
concentrations the true activity of the ions must be
used instead of their concentrations, and it applies only
when there is no current flow between the electrode
that might change the activity of the ions. The Nernst
equation 7 is used to draw the stability diagram of a

nU = AG + 0.0591 log

nU = AG + 0.0591 log
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material as a function of the concentration of ions H
(pH) and of the potential U. The concentrations of the
other involved ions are usually taken as the low value
of 1076 M. The phase diagram plotted as function of
U along the y-axis and pH along the z-axis, is called a
Pourbaix diagram after its inventor. The Pourbaix dia-
gram consists of regions defined by straight lines which
represent different equilibrium reactions and can be of
three types [22]:

— Vertical lines: the reaction involves solid and dis-
solved substances with hydrogen ions but without
free electrons so that the equilibrium is independent
of the potential.

— Horizontal lines: the reaction involves solid and dis-
solved substances with free electrons but without
hydrogen ions so that the equilibrium is indepen-
dent of the pH.

— Straight lines with a slope equal to 0.0591h/n: the
reaction involves solid and dissolved substances with
free electrons and hydrogen ions as in the reaction 5.

We now include in the pool of references all the dis-
solution energies available in Ref. [23] (and updates)
and Ref. [24], while we calculate the energies of the
solid references using DFT. The same procedure has
been recently used by Persson et al. [25] to calculate
the Pourbaix diagrams of several oxides and nitrides.
In their work, the total energies of the pure chemical
elements were corrected by a comparison with the ex-
perimental energies. Here, we do not apply any correc-
tion. Around 3000 bulk solids are included in the pool of
references. Even if a surface might be more stable than
the corresponding material in the bulk phase, the pool
of references does not include any surface. To include
also the surfaces, it will be necessary to find the most
stable surface for each material depending on the pH
and potential, and to study its possible passivations.
In our previous papers, we used the chemical po-
tential of water for the oxygen molecule. This choice
was supported by the fact that at least a thin layer of
water has to be present to run the reaction [26]. In the
present work, we define the chemical potential of oxy-
gen from its standard state, i.e. the oxygen molecule in
the gas phase for two reasons: (i) conventionally, the
Pourbaix diagrams are drawn with all the chemical ele-
ments in their standard states, and (ii) the oxygen gen-
erated by the separation of the semiconductor into its
constituents will be at the chemical potential of water
only if hydrogen is present at high enough pressure that
it can combine with the oxygen to form water. This will
not occur if the water splitting device is efficient enough
to collect the generated hydrogen so that the backre-
action Hy + 1/2 O — H5O is suppressed. This can be

accomplished by the use of a co-catalyst [27]. The ef-
fect of using the standard state of oxygen rather than
taking it from water is a higher stability of the solid per-
ovskites. Specifically, in addition to the 20 candidates
identified in Ref. [12], the structures MgSnOg3, LiSbOs3,
and SrInOgF are now also predicted to be stable (and
with band gaps and band edge alignments fulfilling the
design criteria) with respect to a phase separation in
solid substances.

3 Pourbaix Diagrams

440
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Fig. 1 Example of the bisection method used to construct
the Pourbaix diagrams in this work [28]. The most stable
phase of the material is calculated for a rough sampling of
the region (blue squares). If the most stable phase at a given
point is not the same at all its neighboring points, the sam-
pling is refined (green circles) and the procedure repeats (red
diamonds). The Pourbaix diagram shown here is for ZnO.

In this section, we first validate our method by cal-
culating the Pourbaix diagrams for TiO5 and ZnO and
comparing with the experimental diagrams. We then
construct the diagrams for nine perovskites that are
known to exist in nature. The diagrams, are constructed
for a region of pH between —2 and 16 and of potential
between —3 and 3 eV (relative to the Standard Hydro-
gen Electrode). An efficient way to construct the Pour-
baix diagram is to use a bisection method, as shown in
Fig. 1: we start by calculating the most stable phase of
the material for a fairly rough sampling, indicated by
blue squares, of the relevant region. If the most stable
phase at a given point is the same at all its neighboring
points, we consider this phase to be stable within the
region defined by the corners. If this is not the case,
we refine the grid within the small region (the refined
sampling are indicated as green circles) and repeat the
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Fig. 2 Calculated and experimental Pourbaix diagrams for ZnO and TiO2 (ZnO: (a) and (c); TiO2: (b) and (d)). The diagrams
are drawn for a concentration of 10~% M at 25°C. The chemical formula in italic indicates an aqueous compound. The positions

of the red-ox potentials of water is also indicated.

procedure (red diamonds) until a sufficiently accurate
resolution has been obtained.

Figs. 2(a) and 2(c) show the Pourbaix diagrams for
Zn0O when the free energies are calculated with DFT
or obtained from experiments, respectively. Overall, the
two diagrams are very similar. A small difference occurs
for potentials around 0 and pH around 10, where ZnO
should be stable while DF'T predicts that it is dissolved
into HZnO,, (aq)" The energy difference between the two
phases is, however, rather small (= 0.15 eV /atom), and
if we consider an energy threshold of 0.2 eV /atom, to
account for possible inaccuracy in the DFT energies,
the calculated diagram ZnO turns out to be stable in
the same region as in the experiments.

Figs. 2(b) and 2(d) show the calculated and exper-
imental Pourbaix diagrams for TiOs. Again, the two
diagrams are very similar, except for the region of pH

above 7 and potentials between —1 and —2 V. The
reason for this difference is related to the lack of ex-
perimental data for some of the phases present in the
calculated diagram and possibly inaccuracies in the cal-
culated energies. There is a broad region where TiOs is
stable against oxidation, in particular around the red-
ox potential of water, for all the values of pH. This is
an important reason why TiOs has received so much
attention in connection with water splitting. However,
as is well known the band gap of TiO; lies in the UV
range making it highly inefficient for light absorption
and conversion into electron-hole pairs.

‘We now move on to investigate the stability of ternary
compounds. To this end we selected nine oxides in the
cubic perovskite structure that are all known to exist
in nature and to be stable. Fig. 3 shows the formation
energy of the nine cubic perovskites with respect to
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Fig. 3 Energy differences, AE [eV/atom] between the cubic
perovskite phase and the most stable experimental known
phases in which each material can separate calculated at
pH = 7 and at a potential equal to —1, 0, 1, and 2 V. The
perovskites under consideration are stable in nature.

the most stable linear combinations of known solid and
aqueous phases at pH = 7 and for four values of the po-
tential (=1, 0, 1, and 2 V). From the Nernst equation
it is clear that the stability is more sensitive to varia-
tions in the potential compared to the pH. In fact, in
the calculation of the free energy, the pH is scaled by
the small number 0.0591 eV /pH.

Out of the nine perovskites shown in Fig. 3, only
KTaOj3 is predicted to be stable at zero potential (using
an energy threshold of 0.2 eV /atom). This is in contrast
to the experimental fact that most of these materials
have been used for water splitting in the UV and were
not found to corrode in contact with water. This indi-
cates that the threshold of AE < 0.2 eV/atom might
be too strict when the effect of corrosion is taken into
account. We should, however, remember that the Pour-
baix diagram only assesses the thermodynamic stabil-
ity while the kinetic of the reactions is not included.
Thus a possible explanation for the apparent disagree-
ment between theory and experiment could be that the
materials are in fact only meta stable with large barri-
ers separating the solid and dissolved phases. It might
also be that the passivation of the surface layer plays a
key role in their stability in water. A few of the com-
pounds considered become stable when the threshold
is increased to 0.5 eV/atom. There is a trend of re-
duced stability with an increase of the potential. An
increased potential stabilizes the free electrons in the
material thus favoring the dissolution of the metal into
free electrons at the Fermi level of the electrode and
dissolved ions.

Figs. 4(a) and 4(b) show the calculated Pourbaix di-
agrams for SrTiO3 and KTaOs. The diagrams for these

ternary compounds conserve some of the features of the
diagrams of the constituent chemical elements [24]. The
energy difference, AFE, as a function of the pH and
potential between the cubic perovskite and the most
stable phase into which the perovskite can separate is
shown in Figs. 4(c) and 4(d) for SrTiO3 and KTaOsg,
respectively. Both the perovskites become less stable
at higher and lower potentials as well as under more
acidic conditions. In fact, an increase in the potential
leads to the dissolution of the solid into positive ions.
The amount of oxygen in the solid substance is increas-
ing moving towards higher pH. The energy difference is
thus a convex surface, called convex hull, and the re-
gion where the cubic perovskite is more favorable takes
place around the red-ox potential of water. The Pour-
baix diagram and the energy difference are combined
in Fig. 4(e) for SrTiO3 and in Fig. 4(f) for KTaOs: the
colored regions represent the different phases and the
energy difference is plotted along the z-axis for a range
of pH and potential corresponding to that of Figs. 4(a)
and 4(b).

4 Candidates for One-Photon Water Splitting

In this section, we calculate the Pourbaix diagrams for
all the cubic perovskites that we have previously iden-
tified as candidates for one-photon water splitting [12].
We are mainly interested in materials that are stable at
pH = 7 and potentials in the range from —1 V to 2 V
covering roughly the red-ox potentials of water (the evo-
lution of oxygen and hydrogen requires 1.23 and 0 V,
respectively) and the energy barriers and overpoten-
tials.

Fig. 5 shows the energy difference between the cubic
perovskites and the most stable phases. For all the can-
didates there exist potentials where AE < 0.5 eV /atom.
As discussed earlier, when we include the dissolved phases,
it might be necessary to increase the energy threshold to
0.5 eV /atom to account for metastability, kinetic of the
reactions, and energy barriers between the structures.
Usually, at zero potential the cubic perovskites have
the highest stability. The oxides and oxyfluorides are
in general stable also at higher potentials. In contrast,
the oxynitrides, become unstable at higher potentials.
This is due to the large number of free electrons present
in the reaction and they become more stable with an
increase of the potential. For example, the reaction for
SrTaOsN at pH=7and U =2 V, is

28rTaOsN + 7H,0 = TayO5 + 2Sr( o F2NO5 . (8)
+ 14H* + 16e™

with 16 electrons involved in the reaction.
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Figs. 6(a) and 6(b) show the Pourbaix diagrams of
AgNbO3 and BaTaO2N in a region of pH between 4 and
10 and potential between —3 and 3 V. As shown before
in Figs. 4(a) and 4(b), the ternary diagrams largely
conserve the features of the diagrams of the constituent
chemical elements.

The energy differences between the perovskite and
the most stable phases are shown in Figs. 6(c) and 6(d).
Both have a poor stability for lower potentials. At higher
potentials, the corrosion reaction for BaTaOsN involves
several electrons, similar to reaction 8, and consequently
the perovskite becomes less stable. The stability of both
AgNbO3 and BaTaO3N is almost insensitive to a change
in pH in the region of investigation.

Photocorrosion

So far, we have investigated the stability against cor-
rosion. Another related issue is the stability against
photocorrosion. In fact, under high light intensity, the
photo-excited electrons in the conduction band and the
holes left behind in the valence band might be able to
induce unwanted chemical reactions insted of merely
splitting water. To simulate this non-equilibrium elec-
tron/hole distribution, we consider the stability of the
materials at pH=7 and potentials —1 V (roughly cor-
responding to the conduction band energy) and 2 V
(roughly corresponding to the valence band energy).

We find that all the candidates are less stable at po-
tentials —1 and 2 V. In particular, the oxides become
less stable at the lower potential, while, with a few ex-
ceptions, they remain stable at a potential of 2 V. The
situation is the opposite for the oxynitrides which be-
come less stable at high potential. This is due to the
large number of electrons involved in the relevant reac-
tions which makes the dissolution of the material more
favourable at higher potentials. For the oxyfluorides,
the change in stability due to a change in the potential
is rather weak.

5 Conclusions

In the present work, we have combined density func-
tional theory (DFT) calculations with experimental dis-
solution energies to construct Pourbaix diagrams for
general materials in contact with water. The procedure
was validated by comparing the calculated Pourbaix
diagram of ZnO and TiOy with the experimental dia-
grams. Very good agreement between theory and ex-
periment was found with only small differences arising
from free energy differences between different phases on
the order of less than 0.2 eV /atom.

The scheme was used to analyze the stability of a set
of 23 cubic perovskites which were recently suggested as
candidate materials for photo-catalytic water splitting.
We have found that those perovskites are in general
stable at pH =7 and U = 0 V when an uncertainty of
0.5 eV/atoms on the calculated energies is taken into
account. This threshold energy accounts for metastabil-
ity, inaccuracy in the calculations, and for an approxi-
mate kinetic of the dissolution reaction.

To investigate the stability against photocorrosion,
we have considered potentials of —1 and 2 V corre-
sponding roughly to the conduction and valence band
edges, respectively. At these potentials, all the materi-
als were found to be less stable indicating that photo-
corrosion is a serious challenge for the development of
efficient water splitting materials with long term stabil-

ity.
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Fig. 4 Calculated Pourbaix diagrams for SrTiO3 (a) and KTaO3 (b). The diagrams are drawn for a concentration of 107¢ M
at 25°C. The chemical formula in talic indicates an aqueous compound. The Greek letters in (a) indicate the phases in
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show the energy differences between the cubic perovskite phases and the most stable phases for SrTiO3 and KTaOs, respectively.
(e) and (f) combine the Pourbaix plots and the energy differences between the cubic perovskite and the most stable phase
into the so-called convex hull. The colors of the different phases correspond to the ones shown in (a) and (b).
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1. Introduction

The direct conversion of solar light into chemical fuels through electrochemical reactions
represents a clean, sustainable and potentially cheap alternative to fossil fuels. The
simplest reaction of this kind is the water splitting reaction in which water is split into
hydrogen and oxygen. In the most basic photo-electrochemical device, each photon
is harvested by a single semiconductor and the created electron-hole pair is used to
evolve hydrogen and oxygen. The maximum efficiency of such a one-photon device is
only around 7% when overpotential of the reactions and losses are accounted for [1].
Significantly higher energy conversion efficiencies of up to 27% [2] can be achieved using
a combination of two or more semiconductors with appropriately aligned band edges.

First attempts of photocatalytic water splitting were made in the 70s using TiO,
as the light harvesting and hydrogen evolving material [3]. Due to the large bandgap of
TiO2 and its poor catalytic properties the devices had extremely low efficiencies. Since
then several materials have been proposed as light harvesting photo-electrodes for water
splitting both in the UV and in the visible range REFS to review. Still, the efficiencies
of the water splitting devices are significantly lower than the alternative combination of
electrolysis driven by standard photovoltaic cells.

The search for new materials can be guided by ab-initio quantum mechanical
calculations, avoiding expensive “trial and error” experimental processes. Recently,
high-throughput materials design of stable binary and ternary alloys [4], carbon capture
and storage [5], batteries [6], photovoltaic [7, 8] and water splitting materials [9, 2]
have been reported. A number of databases have been also implemented to store and to
analyze the huge amount of computed data generated. Some examples are the Materials
Project database [10], the AFLOWLIB consortium [4] and the Computational Materials
Repository [11].

In previous studies [9, 2|, we have investigated the cubic perovskite structure and
proposed 20 materials for the one-photon water splitting process and 12 others for
the anode in a two-photon device with a Si cathode. Several of those were unknown
in the water splitting community, but some of them have been already successfully
tested. In particular the oxynitrides, like BaTaOoN, Sr'TaO,N, CaTaO,N, LaTiO;N, and
LaTaON,, gives good results in term of oxygen and/or hydrogen evolution in presence
of sacrificial agent [12].

The perovskite is a very versatile structure with a large variety of properties and
applications [13]. In addition to the standard cubic and low-symmetry perovskites, two
cubic perovskites with general formula ABO3 can be combined together in the so-called
double perovskite [14]. The double perovskite structure was recently explored with the
focus of finding new materials for water splitting and engineering of the bandgap by
combining two perovskites with different electronic properties [15].

In the present work, we investigate the layered perovskite structure. A layered
perovskite is composed of 2D slabs of ABOj3; cubic perovskite separated by a motif of
metal atoms. There are several phases of layered perovskites which differ in the thickness



Stability and Bandgaps of Layered Perovskites for One- and Two-photon Water Splitting3

@o
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Figure 1. Crystal structure of the Ruddleson-Popper phase with n =1 (a) and n = 2

(b).

and the relative displacement of the cubic perovskite slabs and in the motifs. The phase
studied here is the Ruddleson-Popper with general formula A, _1B,,O3,.1, where n is
the number of BOg octahedra forming the 2D slabs. We consider the cases of n = 1
and n = 2 (A,BO,4 and A3B50O7, respectively) and one oxygen replacement in favor of
nitrogen in the case of n =1 (A;BO3N).

2. Method

In the one-photon water splitting device, one material is responsible for the evolution of
both oxygen and hydrogen. First a photon is harvested creating an electron-hole pair.
Next, the electron and hole reach two different points on the surface where the evolution
of O, and H, takes place. Any material that should function as photo-electrode for water
splitting should meet a number of criteria: (i) chemical and structural stability (ii) a
bandgap in the visible range (iii) well positioned band edges with respect to the red-ox
levels of water (iv) high mobility for electrons and holes. In addition, low cost and
non-toxicity are required. Here we focus on the criteria (i)-(iii).

The stability of a material is evaluated with respect to around 2000 reference
systems. The reference systems constitute stable phases of the possible materials
into which the considered layered perovskite can be decomposed, and are taken from
the experimental ICSD database [16] and the Materials Project database [10]. A
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material is considered stable only if the energy difference between the layered perovskite
phase and the most stable alternative combination of reference systems is below
0.2 eV/atom. We use this finite threshold energy in order not to exclude potential
candidates due to inaccuracies in the calculations and the possible metastability of the
investigated structure. Each combination is fully relaxed using the RPBE functional [17]
implemented in the DET-GPAW code [18, 19].

As an example, the stability of the Ba;TaO3N compound is given by:

AFE = BasTaO3N — H}:Hl {cl Bay + ¢3Tas 4+ c3BaO + ¢4BaOs +
L cs TagOs + cgBaNg + ¢;TagNs +
cg BasTaN3 + cgBaTaO,N +
c10Ns +611O}, (1)

where ¢; are positive and sum up to assure the correct stoichiometry of the A;BO3N
layered structure and the chemical formulas indicate the DFT total energies of the
references. All the references are in their solid state phase except for Ny and O which
are in the gas phase. Note that the energy of oxygen is calculated from Hy and HoO due
to the well problems associated with the DFT description of the Oq triplet ground-state.

We note that the present stability analysis does not include corrosion of the
materials. Extended stability analysis including this effect were recently found to be of
some importance 20, 21]. However, we leave this to a future study.

It is well known that the Kohn-Sham eigenvalues from DFT systematically
underestimate bandgaps of extended semiconductors due to the approximate nature
of the exchange-correlation functionals and the missing derivative discontinuity [22, 23].
On the other hand, many-body methods like the GW approximation give better
bandgaps, but are computationally too expensive to be used in a screening project
of several hundred materials. Here, we used the GLLB-SC potential [24, 25], which
includes an explicit estimation of the derivative discontinuity. In a previous work [9],
the GLLB-SC bandgaps of around 40 metal oxides were compared to experiments. On
average the GLLB-SC band gaps were found to lie within 0.5 eV of the experimental
gaps.

Figure 2 shows the bandgaps of the 20 identified cubic perovskites for one-photon
water splitting [2] obtained using different methods and xc-functionals. Standard DFT
functionals, like LDA and PBE (not shown in the figure), seriously underestimate the
bandgap, while the hybrid PBEO (not shown) tend to overestimate the gaps. We have
performed GoWj [26] calculations using a recent implementation in the GPAW code.
In these calculations the GoWj self-energy is evaluated using LDA energies and wave
functions and the frequency dependence of the dielectric function is fitted to a plasmon
pole model. We use a 150 eV plane wave cut off for the representation of the dielectric
matrix and include empty bands up to the same energy cut off. A 7 x 7 x 7 k-point
mesh is used for both DFT and GoW, calculations.

The GLLB-SC and GoW, bandgaps are quite similar with a mean absolute
difference of 0.3 eV. This is consistent with the results of a similar comparison made for
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Figure 2. The bandgaps of the 20 identified candidates for one-photon water splitting
calculated with the GLLB-SC potential (in blue) GoWo@LDA (in red), and LDA (in
black). The agreement between the GLLB-SC potential and GoWj is very good.

a set of ten well characterized simple semiconductors and insulators [26]. Based on this
we conclude that the bandgaps obtained with the GLLB-SC are sufficiently accurate for
the purpose of materials screening.

In addition to the bandgap, the position of the conduction and valence band edges
with respect to the water red.ox levels is crucial: The energy of electrons at the surface
should be above the hydrogen evolution potential and the energy of holes must be
below the oxygen evolution level. It is not trivial to calculate the band edge positions
at a semiconductor-water interface from first principles. Although some methods have
been proposed [27, 28], they are computationally rather demanding and not suited
for screening studies. Instead we obtain the position of the band edges simply using
an empirical equation [29, 30] that gives the center of the bandgap in terms of the
geometrical average of the electronegativities in the Mulliken scale of the pure chemical
elements, xs, forming the compound. The band edge positions are then calculated by
adding and subtracting half of the bandgap, Egap. In formula, for the A,BO, layered
perovskite:

EVB, c = Ep + (X?axXBX?))lﬁ + Egap/2 ) (2>

where Ej is the difference between the normal hydrogen electrode (NHE) and the
vacuum (Ey = —4.5 eV). More details about the method and its validation are available
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in refs. [9, 2].

It has been recently shown for the cubic perovskite structure [31], that the search
for new materials can be guided using chemical-based rules. The three chemical rules
used here are:

e Valence balance rule: in a realistic material, the sum of the possible oxidation states
of its element must be zero.

e Even-odd electrons rule: a material with an odd number of electrons has partially-
occupied bands at the Fermi level and is thus a metal. There are some exceptions
to this rule, but they correspond to magnetic and/or strongly correlated materials
which require more advanced theoretical descriptions than the one used here.

e Jonic radii of the atoms: the metals that can occupy the A- and B-ion position in
the perovskite depends on the ionic radii of the neutral atom. Usually alkali and
alkaline earth metals occupy the A-ion side, and post-transition metals the B-ion
position [13].

The use of these rules drastically reduce the number of calculations (up to 60% in the
already mentioned case of the oxo-perovskites) since only materials that fulfill the first
two rules needs to be considered. The last rule determine which metals from the periodic
table can occupy the A and B sitesf. With these constrains, it is possible to reduce the
search space from around 8000 to 300 different materials.

Criterion One-photon WS Two-photon WS
Stability (AE) 0.2 eV /atom 0.2 eV/atom
Bandgap (Egap) 1.7 < Egap <3 1.3 < Egop <3
Band edges VBegge > 1.6 Vnggge > 1.6
(VBedges CBedge)  CBegge < —0.1  CBghode < 0.1
CBuiode < VBgyhode

Table 1.
splitting (WS) devices. The red-ox levels of water with respect to the Normal Hydrogen
Electrode (NHE) are 0 and 1.23 eV for the hydrogen and oxygen evolution, respectively.
The criterion for the position of the band edges include also the overpotentials for
hydrogen (0.1 e€V) and for oxygen (0.4 eV) [32]. Silicon is used as cathode in the

two-photon water splitting device (VBSége =0.86 eV).

Screening parameters (in eV) used for the one- and two-photon water

The screening parameters for the one-photon water splitting device are summarized
in Table 1. In addition to stability and a band gap in the visible range, the band edges
should straddle the red-ox levels of water plus the required overpotentials (0.1 eV for
hydrogen and 0.4 eV for oxygen [32]).

I The metals used in the A-ion position are: Li, Na, Mg, K, Ca, Ga, Ge, Rb, Sr, Y, Ag, Cd, In, Sn,

Cs, Ba, La, T1, and Pb. The B-metals are Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Zr, Nb,
Mo, Ru, Rh, Pd, In, Sn, Sb, Te, Hf, Ta, W, Re, Os, Ir, Pt, and Bi.
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The ideal efficiency of the one-photon device can be up to 7% [1]. Higher efficiencies
can be achieved using a two-photon, or tandem, device, consisting of two semiconductors
forming a pn-junction. Electrons generated in the anode move to the surface and evolve
hydrogen while the holes move towards the pn-junction and recombine with electrons
from the cathode. Similarly, the holes generated in the cathode move towards the surface
and evolve oxygen. Thus it takes two photons to generate one Hy. The efficiency of
the device depends strongly on the relative sizes of the bandgaps of the two materials.
Assuming ideal band edge line up, the best performance (around 25%) is obtained by
combining two materials with bandgaps of 1.1 eV and 1.7 eV, respectively [2]. The
sum of the two bandgaps should not be smaller than 2.8 eV: 1.23 eV is the energy
required per electron to split water and approximately 0.5 eV is required to account for
the overpotentials of the oxidation and reduction reactions. In addition, the relevant
quasi Fermi levels are located 0.25 eV below (above) the conduction (valence) bands.
Finally, the quasi Fermi level corresponding to the conduction band of the cathode
should be at least 0.1 eV above the quasi Fermi level corresponding to the valence band
of the anode to ensure efficient charge recombination at the interface. As it turns out,
silicon is an ideal photo-cathode for water splitting since it has a bandgap of 1.1 eV
well positioned with respect to the reduction potential of hydrogen and because of the
mature fabrication technology. In the case of two-photon devices we therefore limit our
search to photo-anode materials assuming a silicon anode and use the screening criteria
summarized in Table. 1.

3. Trends in Stability and Bandgaps

The simplest layered perovskite is the Ruddleson-Popper phase. The two phases studies
here have the general formula A;BO4 and A3B5O7. The former is composed of slabs of
cubic perovskite ABOj offset by a translation of (1/2,1/2) with respect to each other and
separated by a layer of A metal atoms. In the latter structure each slab of perovskite
is formed by two octahedra BOg units. The unit cells of the two phases contain 14
and 24 atoms, respectively. The A-ion position is generally occupied by a alkali and
alkali-earth metal, and the B-ion by a transition or post-transition metal. Materials of
the form A;BO3N, in which an oxygen atom has been replaced by nitrogen, have been
considered. In general, oxides tend to have valence band edges that are somewhat deep
compared to the oxidation potential of water. Nitrogen is slightly less electronegative
compared to oxygen and the valence bands of the oxynitrides are consequently shifted
up compared to the oxides [33]. The smaller electronegativity of nitrogen leads also to
a reduction in the size of the bandgaps. In addition, a nitrogen replacement breaks the
symmetry of the cubic perovskite and creates an excess of charge in one of the corners
of the octahedron. This leads to a reduction in the stability of the obtained materials,
as shown in Fig. 3.

Fig. 3 shows the calculated heat of formation for the A;BO4, AsBO3sN, and A3B50O7
perovskites plotted against the GLLB-SC bandgap. The bandgaps of both types of
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Figure 3. Calculated heat of formation plotted versus bandgap for the A;BO4 (black
circles), AsBO3N (red squares), and A3B2O7 (blue diamonds). The oxides show high
stability and a wide range of bandgaps. The oxynitrides are overall less stable and
have smaller bandgaps than the oxides.

oxides range from zero to above 6 eV. The oxides are in general highly stable especially
the materials with larger bandgaps. As expected, the oxynitrides are less stable and
show smaller gaps. Despite of this, around 8 oxynitrides are found to fulfill the criteria
on bandgap and stability for the one-photon water splitting device. A further nitrogen
replacement is likely to lower the band gaps and reduce the stability even further [2],
and therefore has not been investigated here.

All the bandgaps of the stable AsBO, layered perovskites are plotted in Fig. 4.
There is some degree of correlation between the chemical elements and the size of the
band gaps. First of all it can be seen that the gap is mainly determined by the B-ion
while the A-ion has little influence. Hf and Zr in the B-ion position generate large
bandgap insulators with a gaps above 6 eV. Ti, Ge, and Sn lead to structures with gaps
above 3 eV while W and Zn produce structures with gaps around 2 eV.

Most of the oxides investigated have valence bands formed by the 2p levels of the
O?~ ions. Since the nature of the bonds in these materials is highly ionic, this implies
that the top of the valence band is roughly the same for all the oxides§. The conduction

§ There are some exceptions to these rule, e.g those compounds that contain carbon group ions with
valence 24 (Ge?T, Sn?* and Pb2?"), in which the valence band is a mix between the 2p levels of the
02~ ions and the s levels of the carbon group ion.
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Figure 4. Bandgaps of the stable compounds in the AsBO, structure. The gaps
range from zero to more than 6 eV. The chemical elements are sorted for similarity so
that atoms that generate layered perovskites with similar bandgaps are close together.

bands are mainly composed of the lowest unoccupied molecular orbitals (LUMO) of the
A and B metal ions. This means that the size of the bandgap should correlate with the
lowest lying LUMO level of the A and B cations. The relevant LUMO level is, however,
not that of the cations in vacuum, but rather a cation sitting in the electrostatic field
from the rest of lattice, V. This is done following an Ewald-Evjen scheme, assuming
that all the ions keep their nominal charges. This scheme is described elsewhere in the
literature [34].

Table 2 shows how the LUMO energies change drastically passing from the free
cations to the cations under the effect of V. Vi destabilizes much more the energies of
the B site ions than the ones of A site ions. This is due to the short distance between
the O*~ and A ions (usually in a range from 1.9 to 2.3 A) in comparison with the B-
02~ distances (in a range from 2.5 to 3.0 A). The table shows the correlation between
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B-ion  In vacuum  Vjy Bandgap
CayBO, Sr,BO4 CdyBO,
) —56.13 —3.35 4.01 3.82 0.78
) —42.30 —1.24 6.19 6.09 1.90
Hf* (d) —39.90 —1.10 6.11 6.57 1.60
)
)

—52.28 —3.64 3.67 3.39 0.36
—45.45 —3.82 3.70 3.67 0.54

Table 2. LUMO energies (in eV) of several B** ions in vacuum and in the presence of
the crystal electrostatic field Vg, respectively. Vg is calculated for ASnO4 and CaBOy
for the A2* and B** ions respectively (similar results are obtained for other lattices).
The LUMO energies of the A?t ions in vacuum and under the effect of Vi are for
Ca?t (s): —14.65 and —0.58; for Sr?* (s): —13.58 and —1.02; for Cd?* (s): —20.35
and —4.91. The bandgaps of the compounds containing these ions are also shown for
comparison.

the lowest LUMO energy from A and B (under the effect of Vi) ions and the bandgap
for the particular case of (A%"),B**(0?7), perovskites. The LUMO of the B*" ions
is more stable than the LUMO of the A2t ions when the A position is occupied by
an alkaline-earth ion (in the table only the results for Ca** and Sr?* are shown, but
similar features are observed for Mg?™ and Ba?"). Thus, in these cases the bandgap is
correlated with the LUMO of the B ion. This explains why Zr*t and Hf*f compounds
have similar gaps, whereas Ti** shows a smaller gap. This could be understood even
just by looking at the energies of the ions in vacuum, since the d-levels of Ti** are much
deeper in energy that those of Zr** and Hf**. This difference is strongly reduced when
Vg is considered due to the smaller ionic radius of Ti*" (10 pm smaller than Zr** of
Hf** ionic radii [35]), which has O%~ ions closer. In the case of the carbon group (Ge**
and Sn*"), their compounds have similar bandgaps due to a compensation of effects:
Ge'* s level in vacuum is lower in energy than Sn** s level (by ~ 7 eV), but Ge*" ionic
radii is 16 pm smaller than that of Sn**.

When Cd?* occupies the A site, its LUMO (the s level) is more stable than the
LUMO of B** ions, contrary to the case of an alkaline-earth on A position. This leads
to compounds with a conduction band dominated by the Cd** s level and consequently
to a small bandgap. A similar investigation has been performed also for the A3B,0O7
layered perovskites with similar results. Since nitrogen has an electronegativity very
close to the one of oxygen, we expect that these results are still valid for the oxynitrides.
The main difference will be that the valence band is formed by an hybridization of the
oxygen and nitrogen 2p orbitals.

A couple of A- and B-ions can be used for both the A;BO, and the A3B507
perovskites. For these cases, we have investigated the changes in the size of the bandgaps
depending on the number of octahedra forming the 2D slab. There is a weak trend that
correlates the bandgaps to the B-ions: when the B-ion position is occupied by a p-metal
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Figure 5. The identified candidates in the Ruddleson-Popper phases for one-photon
water splitting. The figure shows the red-ox levels of water and the calculated band
edges for the indirect (red) and direct (black) bandgaps.

(e.g. Ge and Sn) the gaps are generally reduced when the slab thickness is increased,
while for d-metals (e.g. Ti, Zr, and Hf), the gaps seem to increase with slab thickness.
This observation could be used to tune the bandgap by increasing or reducing the
number of octahedra within the layers.

4. Candidates for Water Splitting

The screening criteria of Table 1 have been applied to the calculated structures. Out
of the 30 investigated materials 20 fulfill the criteria for one-photon water splitting,
see Fig. 5. BayTaO3N and Sr3SnyO; are known to exist experimentally in the layered
perovskite structure. Bay;TaO3N has also recently been proposed as a water splitting
material by Wu et al. [36] who used a computational screening procedure similar to
the one proposed here. Y,BiO3sN and the other A3B>O; compounds are already known
in other stoichiometries and most of the A;BO,4 materials and SryTaOsN have been
synthesized in other crystal structures with the same stoichiometry as the layered
perovskite. 8 of the identified perovskites have not been investigated experimentally
to our knowledge. In particular, the oxynitrides are interesting candidates for water
splitting. In fact, the cubic perovskites ABO;N with A = Ba, Sr, and Ca, and B x =
Ta, and Nb are known to evolve hydrogen and/or oxygen in the presence of a sacrificial
agent [12, 37]. We expect that the layered perovskites containing these elements conserve
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Figure 6. The identified candidates in the Ruddleson-Popper phases for two-photon
water splitting device. The figure shows the red-ox levels of water and the valence
band of silicon. The calculated band edges for the indirect (red) and direct (black)
bandgaps are drawn.

the good properties in terms of activity already present in the cubic phase.

For the two-photon device with a silicon anode, our screening identifies five layered
perovskites as candidates for cathode material. All five are experimentally known in
other structures/stoichiometry, but none of them has been used so far as photocatalyst.

5. Conclusions

With the aim of identifying stable and abundantly available semiconductors for light
harvesting photo-electrodes for water splitting, we have screened 300 oxides and
oxynitrides in the layered perovskite structure with stoichiometry AsBOy4, A3B20O7, and
AoBO3N. The stability and bandgaps were calculated using density functional theory
and the band edge alignment relative to the water red-ox potentials was estimated using
an empirical formula. The accuracy of the calculated bandgaps, which were obtained
with the GLLB-SC potential, was validated by comparing with state of the art GoWj
calculations for 20 oxides in the cubic perovskite structure.

We have identified 20 candidate materials for one-photon water splitting, and
additional 5 materials for photo-cathode in a two-photon device with a silicon anode. A
few of these materials are already experimentally known, but none of them have been
used so far for photoelectrocatalysis.
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The trends in stability and bandgap has been studied in some detail. We have
found that the bandgap of the layered perovskites is mainly determined by the position
of the most stable LUMO of the A- and B-ion. Furthermore, our results indicate that
the bandgap can be tuned to some extent by varying the number of octahedra forming
the layered structure. Specifically, for a d-metal (p-metal) at the B-ion position the
effect is to increase (decrease) the gap with the number of octahedra within a layer.
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