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Abstract

Many efforts have been devoted to understand the hematite-electrolyte interface due
to its potential application in the photoelectrocatalytic oxidation of water. This interface
usually extends over lengths ranging from tens of nanometers to micrometers under water
splitting conditions, therefore its realistic simulation via ab-initio calculations has been
considered challenging. However, recent experiments measured space charge layers smaller
than ~10 A in highly doped nanostructured hematite photoanodes, which also displayed

high photocurrent densities in water splitting experiments.

We used a set of continuous equations based on the Poisson-Boltzmann distribution
and the Stern model to investigate under which experimental conditions the space charge
layer in hematite becomes ultrathin. In this regime, a considerable fraction of the potential
drop across the interface is located in the Helmholtz layer, therefore we reported corrections
to the Mott-Schottky equation that should be taken into account under these conditions.
Using the continuous equations, we also examined the effect of the macroscopic properties
provided by experiments on the microscopic state of the interface: we got access to the
width of the space charge layer and the distribution of the electrostatic potential across the
interface a function of the experimental conditions. We then used density functional theory
(DFT) to get an atomistic insight of the space charge layer in the semiconductor, in systems
ranging from the pristine stoichiometric surface, a surface with adsorbed hydroxyls, to Ti-
doped slabs with doping densities of the order of ~ 1.0 x 10*'em=3. We disregarded the
presence of the electrolyte on the DFT calculations, since we focused on the development
of the space charge layer in the semiconductor. In our simulations, the hematite slabs are

in contact with vacuum.

According to our analysis, space charge layers around 10 A must have been present also
in other water splitting experiments with some of highest photocurrents registered. We
observed that at high doping densities the inverse of the square of the capacitance should
have a quadratic behavior close to flat-band conditions and a sub-linear behavior due to
square-root-like corrections far from the flat-band potential. We used density functional

theory to compute the band bending of the proposed atomistic models. The pristine
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stoichiometric and the hydroxylated undoped surfaces displayed band bendings of ~ 0.14
eV and ~ 0.49 eV, respectively. In the doped case, we found band bendings of ~ 0.07 eV
and ~ 0.01 eV for the pristine and OH-terminated slabs, respectively. The latter band
bendings corresponded to space charge layers extending in the sub-nanometer regime,
according to the continuous equations. In the presence of doping, we found a qualitative
and quantitative correspondence between the results provided by density functional and

the continuous model.

Contrary to the common picture of the electrochemical interface of a semiconductor and
an electrolyte in water splitting experiments, where large space charge layers are present,
the latter results give an insight of an unexpected regime of high photoelectrocatalytic
efficiency in ultrathin space charge layers. Which in principle, are amenable to quantum
mechanical ab-initio simulations. In this work we were able to describe the space charge

layer of thin hematite slabs using DF'T at an atomistic level.
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Chapter 1
Introduction

Climate change and the increase of the global energy consumption require the search for
greener sources of energy. Solar energy has attracted attention among renewable energy
sources. This is because the sun represents the largest source of energy on the planet:
the energy it produces is enough to cover the energetic needs of humanity. Photovoltaic
cells are already used to harvest solar energy, however the energy they produce has to be
stored in other devices22 Therefore more efficient ways to harvest and store solar energy
are required. A direct way to store solar power is to save the electromagnetic energy
into chemical bonds, leading to the production of fuels. This can be achieved through
photoelectrochemical reactions in photoelectrochemical cells (PEC). X Figure shows a
scheme of a basic photoelectrochemical cell, which is constituted by a photoactive material
acting as anode, a cathode, an electrolyte and an external circuit. In these devices the solar
light is absorbed by the photoelectrode and the solar fuels are produced in both anode and
cathode.

The photoelectrochemical splitting of water into molecular oxygen and molecular hy-
drogen is one of the reactions investigated to store solar energy into chemical bonds. This

reaction is described as follows3©
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Figure 1.1: Scheme of a photoelectrochemical cell for the water splitting reaction. The
photons coming from the sun are absorbed by the photoanode generating electrons and
holes. The holes are used in the anode to oxidize H,O to O5. The photogenerated electrons
are transported to the cathode aided by the external bias and used in the reduction of H
to Hy. Each gas can be stored then separately, as shown in the picture.

The two half redox reactions involved in this process are the oxygen evolution reaction
(OER) or water oxidation and the hydrogen evolution reaction (HER)®9 The first takes
place at the photoanode and the second occurs at the cathode, see figure At alkaline
pH conditions, the OH™ dominate over HT. Under these conditions, the OER and HER
arc®0

2H,0 4 2¢~ — Hy + 20H (ag)  (HER). (1.3)

On the other hand, under acidic conditions, due to the higher concentrations of protons
H*, the OER and HER arc®6



2H,0 + 4h™ — Oy +4H" (aq)  (OER), (1.4)
OH* 12~ —H, (HER). (1.5)

Thermodynamically, reactants and products are in equilibrium at an applied bias of
V = 1.23 VEBLE Semiconducting materials are needed as photoanodes in order to absorb
the photons required to produce the charge carriers involved in the photoelectrochemical
water splitting reaction, see figure [I.1] Once the photons are absorbed by the photoanode,
in the case of an n-type semiconductor, the produced holes are transported to the surface
and participate in the OER. On the other hand, the photo-excited electrons migrate to the
cathode helped by the external circuit. Since the water splitting reaction and the water
oxidation occur at the photoanode, much effort has been directed towards the search of

the ideal semiconductor capable to perform this task.

A electrolyte hematite
T o= b,
— o (T1+ L
— qE° (H"/Hy) i
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Figure 1.2: Relative position of hematite energy bands and the electrochemical potentials
— q E° of the (H" /Hy) and (O5/H20) redox couples in the electrolyte, E° is the reduction
potential. The energy bands in hematite bend in the vicinity of the surface. CBM is the
conduction band minimum and VBM is the valence band maximum. The dashed arrow
indicate that the electron transfer to the surface of hematite is not spontaneous. E° is the
reduction potential for both (H*/Hy) and (Oy/H50) redox couples.

Among semiconductors, oxides have been investigated due to their optical and prop-

erties and stability under oxidizing conditions® The electronic structures of these kind of



materials generally display valence bands (VB) consisting on O-2p orbitals, and conduc-
tion bands formed by valence orbitals of metals® Some of these oxides are TiOy, WOs3,
BiVO, and Fe;O3. TiO,, for example, has been extensively investigated after Fujishima
and Honda performed water splitting by UV light-induced electrocatalysis.? However, the
optical activity of TiOy, WO3 and BiVOy is limited by the large bandgap of E; ~3 eV
displayed by these materials®?

In this work we focus on hematite (a—FeqO3), which has been studied during the last
decades due to its advantageous properties: large abundance, non-toxicity, electrochem-
ical stability at pH greater than 3, bandgap of ~ 2 eV and a favorable position of the
valence band for the oxygen evolution reaction 9 Indeed, a suitable photoanode for
water oxidation should also have a valence band positioned favorably with respect to the
redox potential of the oxygen evolution reaction. Figure shows the relative positions of
the electrochemical potentials -qE° for the (H" /Hy) and (Oy/H20) redox couples, and the
conduction and valence bands of hematite #%1% There it can be seen that hematite cannot
perform the reduction of hydrogen by itself: the conduction band lies below the redox
potential of (H* /Hy). This means that the electrons cannot be spontaneously transferred
to perform the hydrogen evolution reaction and therefore an external bias is required to
perform the overall water splitting reaction,” see Figure Hematite presents additional
drawbacks: low conductivity in the bulk, high-electron hole recombination and slow kinet-
ics of the oxygen evolution reaction®® Some authors suggest the two latter drawbacks
occur due to the sluggish transfer of holes at the hematite/electrolyte interface™ There-
fore a better understanding of the semiconductor-electrolyte interface would be important

to rationalize these problems.

The semiconductor-electrolyte interface consists of a space charge layer in the semi-
conductor and a charge distribution with opposite sign in the electrolyte 21213 Figure
[1.3] shows a representation of the hematite-electrolyte interface. The space charge layer
is constituted by fixed ionized donor atoms. The charge distribution in the electrolyte
consists of ions and solvent molecules, which are adsorbed at the semiconductor surface
and also distributed in the solvent. This charge configuration at the interface is due to the

charge redistribution that occurs when both materials are put into contact. In the case of
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Figure 1.3: Hematite-electrolyte interface. This figure shows the charge distribution in
both sides of the interface. According to the Stern model, the interface can be separated
in three main regions: the space charge layer, the Helmholtz layer and the Gouy-Chapman
layer. A potential distribution develops in the vicinity of the surface of the semiconductor,
which is illustrated as a function of the spatial extension of the interface. The potential
drops across the space charge layer, the Helmholtz layer and the Gouy-Chapman layer are
denoted by ¢, ¢y and ¢, respectively.

an n-type semiconductor like hematite, electrons migrate from the solid to the electrolyte
until the Fermi level or electrochemical potential is equal in both sides #1213 The charge
distributions in the solid and the liquid imply the existence of a potential drop across the
interface, as depicted in the y-axis in figure 1.3l The potential drop in the space charge
layer changes ¢,. the potential energy of the electrons in hematite leading to the upward

bending of the energy bands bend in the vicinity of the surface, as depicted on the right



side of Figure[1.2] This bending is measured as the potential drop in the space charge layer
¢sc and is commonly known as the band bending BB, see Figure [I.3] It is fundamental
for the water splitting reaction, because it allows the transport of photogenerated holes
in the bulk towards the surface. Once at the surface, these holes may participate in the
water oxidation reaction % see Figure[1.2] The band bending amplitude can be tuned using
an external bias or by doping the semiconductor. The bands can even be flattened by
applying a specific voltage, the so-called flatband potential V.

Much effort has been devoted to understand the semiconductor-electrolyte interface:

LT its experimental characterization*1828 to quantum

starting from analytical models,
mechanical ab-initio simulations/®2%33 Helmholtz** Gouy!® and Chapman!® attempted
to model the solid-liquid interface, however their models were too simple to provide a
realistic description. Helmholtz considered two layers of opposite charge to model the solid
and liquid part, which yielded a parallel plate capacitor™ Gouy and Chapman considered
that the ions in the solution are distributed according to the Boltzmann distribution in
the potential generated by the Poisson equation!>!® However, in this model, the sizes of
the ions approaching the semiconductor surface were not taken into account. Therefore
the ions could approach infinitely close to the interface. Stern combined both approaches
to describe the interface in a more realistic way. In the Stern-picture, the semiconductor-
electrolyte interface consists of a space charge layer in the semiconductor; a Helmholtz layer
in the electrolyte which consists of ions and solvent molecules attached to the interface;
the latter is followed by a diffuse Gouy-Chapman layer that extends into the solution, see
Figure Pleskov et al’® developed an analytical solution of the Poisson-Boltzmann
equation for the Stern-picture of the interface. In this way, one can get information on the

width of the space charge layer and the potential drop across the interface (¢s., ¢y and
Cbel)'

The experimental techniques employed to characterize the interface include electro-
chemical impedance (EIS),"¥ transient absorption spectroscopy (TAS)* cyclic voltam-

1926/ and photoelectrocatalytic measurements 228 The experimental measurements

metry
provide information on flatband potentials, doping density, interface capacitance and charge

dynamics at the interface. For example, EIS provides access to the electrostatics of the



interface by interpreting their impedance measurements through equivalent-circuit models,
however the results depend on the circuit used to analyze the data.’®“3 The interface ca-
pacitances can be extracted through these models and analyzed through the Mott-Schottky
analysis. In this way one can get access to the flatband potentials, doping densities and

space charge layer widths.

On the other hand ab-initio simulations based on density functional theory (DFT)

291 Helmholtz capacitance,

provide an atomistic description of reaction overpotentials,
charge dynamics®” and proton exchange dynamics between the hematite surface and the
electrolyte® Despite providing a description of these processes and properties, density
functional theory is unable to provide information about the macroscopic electrostatics

859 Besides this, realistic density functional theory simulations of the

at the interface!
interface have been thought unattainable due to its extension. It is believed that the
interface can extend over tens of nanometers to micrometers. However, in recent water

132 measured space charge layers smaller than 10 A in

splitting experiments, Zhang et a
highly doped nanostroctured hematite photoanodes, which in principle are accessible to

quantum mechanical ab-initio simulations.

The fact that these small space charge layers were observed under water splitting con-
ditions, goes against the common belief that broad space charge layers are essential in
photoelectrochemistry. Indeed, space charge layers play a crucial role, since electron-hole
separation occurs here. They also avoid recombination and promote charge carrier transfer
to the semiconductor surface. Although it is well known that high doping concentrations
lead to ultrathin space charge layers, this condition is rarely identified in experiments and
its consequences have not been analyzed. Using the set of continuous equations developed
by Pleskov et al. for the Stern-picture of the interface*® in this work we showed that similar
space charge layers must have been present in other water splitting experiments. We also
examined the consequences that high doping has on the interface. And in addition to that,
using the same equations we explored the trends followed by water splitting experiments
under different doping conditions. Given that the space charge layers can reach sizes of less
than one nanometer, we used density functional theory to get an atomistic insight from

the space charge layer in (0001) hematite surfaces. Considering that ultrathin space charge



layers have proved to display high efficiencies, the atomistic characterization of the space
charge layer in highly doped slabs might be crucial to understand the electronic phenomena
in this limit. We explored the evolution of the space charge layer while we added elements
of reality to the surface: first we started with the (0001) stoichiometric surface, then we
added one OH group to each surface, then we added one additional charge per surface and

finally we doped the slabs at concentrations of the order of 10?'cm=3.

This thesis is organized as follows: chapter two is devoted to introduce the electrostatic
model, based on the Poisson-Boltzmann equations and the Stern model, we employed to
study the hematite-electrolyte interface. In this chapter we also give a brief description of
density functional theory and the technical details of the calculations we used to analyze
the space charge layer in hematite. In chapter three we report the trends observed in a
series of experimental data, using the analytical solutions of the electrostatic model used
in chapter one. In this chapter, we also examine the consequences of high doping for the
interface and on the Mott-Schottky analysis. Chapter four and five are devoted to the
analysis of the space charge layer via Density Functional Theory. In the first we report the
results obtained in undoped slabs, in the latter we report the consequence of doping the

slabs. Finally, we summarize the main conclusions of this work.



Chapter 2

Methods

This chapter is focused on the physical background and ab initio tools we used to study
space charge layers in hematite photoanodes. We review the semiconductor-electrolyte
interface, where the space charge layer is located in the solid part. This interface can
be described by a set of equations based on the Stern model and the Poisson-Boltzmann
distribution. In this chapter we will introduce the solution of these equations, we will
determine some parameters necessary to implement them and we will connect them to the
available water-splitting experimental data. Density functional theory was used to simulate
space charge layers in hematite thin films. We will discuss the fundamentals of this theory
as well as the approximations needed to implement it. We will also review the main idea
of the "DFT+U” correction to the exchange and correlation energy functional which is

needed due to the localized nature of the 3d orbitals in the iron atoms of hematite.

2.1 The semiconductor-electrolyte interface

The study of the semiconductor-electrolyte interface is crucial to understand the chemical
and physical phenomena involved in the photoelectrochemical water splitting. Many mod-
els have been proposed to describe the potential distribution across this interface, the first

one and the simplest was proposed by Helmholtz*#* According to this model, the interface



consists of two layers of opposite charge displaying a parallel plate capacitor. Gouy and

Chapman!>1°

improved the picture by assuming that the space charge in the liquid is a
diffuse structure that goes from the semiconductor’s surface to the bulk solution and for
which they solved analytically the Poisson-Boltzmann equation. However this model failed

in accounting for the finite size of the ions approaching to the surface.

To fix this situation, Stern™™ combined the ideas of Helmholtz, Gouy and Chapman to
model the liquid part of the interface finite compact layer followed by the diffuse or Gouy-
Chapman layer. Despite the simplicity of the Stern model, it contains enough elements of
reality to provide an analytical set of electrostatic equations that can connect microscopic

properties of the electrolyte-semiconductor interface to water splitting experimental data.

— 00
>

© anions T

® cations
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O water molecules

© electrons

/

Gouy-Chapman  Helmholtz  space charge
layer layer layer

Figure 2.1:  Diagram of the semiconductor-electrolyte interface. The Helmholtz layer

plane is defined by © = — Lpg; the surface of semiconductor by z = 0; and the width of the
space charge layer by x = L.
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2.1.1 Poisson-Boltzmann equations

In the Stern picture, the interface is constituted by a space charge layer in the semiconduc-
tor, compact Helmholtz layer in the electrolyte, followed by diffuse Gouy-Chapman layer,
see Figure[2.1] Here we will review the analytical solutions obtained by Pleskov and Gure-
vich?? for the Poisson Boltzmann-distribution to the electrolyte-semiconductor interface
in the Stern description. Figure shows the spatial configuration of the interface used
to describe the system. The Helmholtz layer plane is defined by the ordinate —Ly; the
surface of semiconductor by the ordinate 0; and the width of the space charge layer by the
ordinate L,.. The potential in the bulk of the semiconductor takes a reference value of 0

and the potential in the bulk of the solution is set to an arbitrary constant ¢(el).

Description of the space charge layer

In general, the space charge layer in the semiconductor consists of mobile carriers (electrons
n and holes p) and fixed impurities (donors Np or acceptors N4 depending on the type of
doping). Assuming that the local concentrations of electrons and holes can be described

by the Boltzmann distribution, and the donors and acceptors are fully ionized, the Poisson

equation#3 in the space charge layer is commonly expressed as follows:
d? e —co(x) ed(x)
4% = — poexp BT —mngexp*sT +Np — Ny |, (2.1)
dx2 €5c€0

where pg and ng are the equilibrium concentration of holes in the valence band; Np and
N, are the density of donor and acceptor dopants in the semiconductor; €,. denotes the
dielectric constant of the semiconductor; e is the charge of the electron; ¢. is the potential
drop in the space charge layer of the semiconductor; kg is the Boltzmann constant and T’
is the temperature. The Boltzmann distribution was used assuming that the system is at
equilibrium and that the semiconductor is non-degenerate, ! i.e. low carrier densities. At
high charge carrier densities, the Fermi-Dirac distribution should be used to account for

quantum effects.
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The potential distribution in the space charge layer can be calculated using the depletion
approximation. Where it is assumed that the charge carriers fully migrated to the solution.
In this approximation, the space charge distribution is assumed to decay at a length L.

from the surface, in the simplest case the distribution is assumed to be a step function.*?

p(z) =

eNp, 0<ux< Ly,
0, x> L. .

In the case of n-type semiconductor, where electrons are donated by the impurities, in

the depletion approximation equation [2.1]is reduced to:

d2¢ o _€ND

da? €sc€0

(2.2)

According to the depletion approximation, the ionized donors in the space charge layer
are located in a region of width L,.. Beyond z = L,., this region is neutral. As a
consequence, the electric field vanishes far from the surface. In the depletion approximation
it is considered that for x > L. the electric field is small. Hence the boundary conditions

for this equation are:

¢(0) = _|¢sc’7
¢(Lsc) — 07
%

P =0, when x = L,

where ¢,. is the potential drop in the space charge layer. Here the potential in the bulk
of the semiconductor is set to zero as a reference. In the depletion approximation, ¢,. < 0

for an n-type semiconductor. Since the reference in the bulk is taken at a potential of 0 V,

12



the value of ¢(x) at the interface can be expressed as —|¢ps.|. We can find an expression
for (d¢/dx) in equation [2.2] as follows:

i (%) _ _€ND

dzr \ dx €sc€0

[ (ﬁ) - [y,
dx €5¢€0

@ _ qNp
dz €5c€0

T+ ¢, (2.3)

where we found the integration constant ¢;. Evaluating (d¢/dz) at © = L,

do qNp
N lx= - — Lsc = 07
dx| Lsc 65050( ) +a
NpL,.
o = LD (2.4)
€sc€o

We substituted ¢; (Eql2.4) in equation and solved it for ¢(z) as follows

d¢ o qND qNDLsc
— x +

dw €sc€o €sc€o

Y

(2.5)
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N NpL
/dgb /( q D q D SC) d(L‘7
68660 €sc€o

¢<x) _ (_ qND $2 =+ q]VD[/scaj + 02) : (26)

265060 €sc€0

where we calculated ¢y. Evaluating ¢(0) = —|¢sc|. From it can be seen that ¢y =
—|¢se|. Rearranging equation and substituting cy = —|¢ps.| we obtained

N,
o(r) = — 47D (x2 — 2L, +

2€5.€0

2ESC€0|¢SC|)

o (2.7)

The value of L,. can be found evaluating equation in x = L. considering that

gb(Lsc) =0

N 2€4c sc
Qb(Lsc) - - 47D <L§c - 2L§c + LW) )

2€4.€0 eNp

2€sc€0|¢sc‘
0= (—r2 4 20l
( s¢ * GND ’
2€sc€0|¢sc|
L= —. 2.8
€ND ( )

Substituting the expression of L. into equation the potential distribution in the

space charge layer of the semiconductor is given by:

o) = N0 L2 g<a<I. (2.9)

2€4.€0
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The potential profile in the space charge layer displays a parabolic behavior that decays
from the surface to the bulk of the semiconductor, as indicated by the negative sign of the
potential in Equation 2.9/*213 A thermal correction for the width space charge layer can be
found if equationis integrated from x = 0 to oo to find (d¢/dz). From here, expressions
for the charge per unit surface area o,. and the capacitance in the space charge layer C. can
be found. The square of the inverse of the latter is known as the Mott-Schottky equation
and it is given by

! 2 kBT] . (2.10)

C'_SQC - e€sc€0Np [‘ Pse | e

The thickness of the space charge layer, L. can be determined in the general case from
the condition Cy. = €460/ L.

265660 1/2 k?BT 1/2
Ls. = se | — : 2.11
(22} (1001 -2 (2.11)

Description of the electrolyte

In the Stern picture, the liquid part of the semiconductor-electrolyte interface can be
modeled as a compact layer with a finite size followed by a diffuse layer that decays into the
bulk solution. The Helmholtz layer consists of adsorbed ions, adsorbed solvent molecules
from the electrolyte and solvated ions close to the semiconductor surface. In the case of
a 1 : 1 electrolyte solution, the diffuse layer consists of monovalent co-ions solvated by
water molecules. As mentioned before, Stern considered the finite size of ions and water
molecules, therefore he assumed the Helmholtz layer extends over a finite region of atomic
dimensions, which is defined from x = 0 to *+ = —Ly in Figure [2.1} The ions in the
Gouy-Chapman layer are distributed according to the Poisson-Boltzmann equation, which
accounts for the competition between the thermal processes and the Coulomb interaction
at regions away from the surface. Taking into account the boundary conditions in every
region and the continuity of the electric displacement field, Pleskov and Gurevich found
that the potential drops for the Helmholtz ¢z and the diffuse layers ¢.;.
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L2

¢H \/QGSCEOND | ¢sc | ) (212)
(S 240)
2%kpT | (eeNp | ¢ |\
ol = h _— , 2.13
Oel _—arcsin [( dege kT ( )

where Ly represents the width of the Helmholtz layer and ey is its effective dielectric
constant; ¢y is the concentration of the electrolyte and e, its dielectric constant. We will
show the derivation of these equations starting from the Poisson-Boltzmann equation for
the diffuse layer. In the case of a 1:1 electrolytes the Poisson equation can be expressed as

follows

d? e —el(x)—(el)] +e[(x)—(el)]
e __ coexp FBT  —cgexp  FBT , (2.14)
dx?2 €el€0

where ¢(el) is the value of the electric potential in the bulk of the solution, see Figure
2.1 Taking into account that sinhx = (e® — e~%)/2, equation can be rewritten as

o 2.15
T (2.15)

dx2 €460

2 _
Py _ 2 g o) —gte)]
We can solve equation for (d¢/dz), noting first that

pdp  d |1 [/de\?

Multiplying Equation by (d¢/dx) and substituting the left hand side by the ex-

pression in equation [2.16, we obtained

R S
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Rearranging the differentials, and integrating in both sides we found an integral ex-

pression for (d¢/dz)

Ja[3 ()] - [ 2 [ty o,

1 /do\® [ 2ecy . [elo(x)—olel))] do
5 <£) = / o sinh [ T } adzv.

We solved the integral in equation by substituting

e(¢(x) — o(el))
kgT ’

qp =
and noting that the differential of 1) takes the following form:

_ e dg

dep

Therefore we rewrote the integral in equation [2.18| as

2
1 (%) :/2660 kT sinh v di,

2 \ dx €cl€p €

which yields

do\?  decy kpT
(—¢> — Jco sl cosh ¢ + 2,
dz €el€0 €

faka [ el612)~ 1)

2
= XD 4,

€el€0

)

(2.18)

(2.19)

(2.20)

where (3 is an integration constant. The boundary conditions in this problem are given

by
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do

T 0, when x = —o0 (2.21)

O(@)]a=Lsc — D(el) = i, (2.22)

where ¢(el) is the potential at the bulk of the solution ( z — —o0) and ¢ is the
potential drop in the Gouy-Chapman layer, see Figure The first boundary condition
means that in average the electric potential is constant in the bulk of the solution and can
be used to find the integration constant § in equation [2.20, Evaluating [2.20] in the limit
of (2 — —o0)

T—00

. (de\® . deokpT e(¢(x) — ¢(el))
lim (5) —xlggo - cosh[ T }—i—Zﬁ,

0 — 4COkBT cosh e(gb(xa:—)oo) - ¢<el)) + 267

€el€0 L kBT

4 T [ —

o deoksT o Te((e) — 0leD)] o

€el€0 L kBT

2¢,kgT
g 2okl (2.23)

€el€0

where we took into account the fact that cosh0 = 1. Inserting § in equation [2.20], we

get an expression for (d¢/dx)

(dib>2 _ SechT (cosh {6@5(%) — gb(d”] = 1) , (2.24)

dx €e1€0 kgT
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where latter expression can be rewritten considering cosht — 1 = 2sinh?(¢/2)

(%) ‘\/@ snh | AT (2.25)

Therefore we have an expression for the first derivative of the potential distribution

from the bulk solution to the Helmholtz layer plane ©+ = —Ly. The expression for the
potential drop in the Helmholtz layer ¢ and the potential drop in the Gouy-Chapman
layer ¢ can be found considering the conditions for electric induction continuity across

the different boundaries and the difference in the directions of the potential axes of the

— €gl (%)x_LH = EH&H = €g¢ (%)mo, (226)

where £y denotes the electric field in the Helmholtz layer and ey is its dielectric con-

different contributions

stant. The expression for the potential drop in the Helmholtz layer can be found considering

the condition

EHSH = €sc (%) L . (227)

The first derivative of the potential at x = 0 can be evaluated using the expression for

the potential in the semiconductor, which is given by equation [2.9

dp d [ eNp,  ,\_ eNp,
=T ( (z — Ly.) ) - (z — Ly.). (2.28)

265060 €sc€o

Evaluating equation [2.28in z = 0 and inserting it in [2.27] we obtained

€ND

€sc€o

EHfH = —€sc

Substituting the expression for the width of the space charge layer Ly. as expressed in

equation [2.8]in the latter equation, we obtained
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5 eND 265060 |¢sc|
€ - ESC 9
HeH €sc€0 €ND
_ 26Esc]\]D |¢sc| (2 30)
—60 . .

Since the charge density at any point from the semiconductor surface to Helmholtz layer
plane — Ly is zero, the field £ is constant and can be estimated as {y = ¢y /Ly. Therefore

equation [2.30 can be rearranged to find ¢y

/ 266sc]\/vD ’¢sc

o 2€€scND’¢sc % 6
€H €o \/5’
Lgv2

= H\/_\/GGSCEOND|¢SC|. (2.31)
€HEQ

We can find ¢, if we consider the continuity of the electric induction in the Gouy-Chapman
layer and the Helmholtz layer as expressed in equation and substituting the expression
for (d¢/dz) in equation we have

do
enl = —€el @ )
Z‘:—LH

[8ecokT | e(¢p(—=Lu) — o(el))
= - sinh [ T : (2.32)

Considering the boundary condition ¢(—Ly) — ¢(el) = ¢o. We can express equation m
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as follows

_ [8ecokpT . o
enép = P sinh [Zk‘BT : (2.33)

Substituting the expression for €&y found in equation [2.30| in the the left hand side of

equation [2.33]
[2e€5.Np|psc| [8ecokpT . €Pel
= h . 2.34
€0 €el€0 S QkBT ( )

Finally, inverting the sinh x function and solving for ¢.;, we obtain

(b 2kpT inh e€scNp | (bsc ’ V2
ol = arcsin — .
! e degeakpT

The Galvani potential or the total potential drop at the interface is given by

¢total = |¢sc| + ¢H + ¢el- (235)

It is important to mention that Ly and ey were introduced in the definition of the
system and the boundary conditions. And at the same time they cannot be measured
directly in electrochemical experiments. Therefore they have to be estimated by other
means. Other observation is that the expressions for L,., ¢y and ¢, depend on the
value of ¢g., thus the latter should be related to an experimental quantity. We also find
important to point out that the depletion approximation is a necessary condition for the
Mott-Schottky equation to hold. Specially at moderately high doping densities because
under these conditions the majority of the potential drop in the interface is located in the

space charge layer.
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2.1.2 Determination of the parameters from the Helmholtz layer

We determined the values of the width of the Helmholtz layer Ly and its dielectric constant
ey from ab-initio molecular-dynamics simulations (AIMD) of the hematite-electrolyte in-
terface found in Ref*? We used the results on capacitances and water density profiles they
provided for the stoichiometric FeOsFe and the hydroxylated terminations to determine

the Helmholtz layer parameters.

We extracted Ly from the analysis of the water densities profiles for both terminations
reported in Ref”? First we determined the distance between the surface of hematite and
the Outer Helmholtz Plane (OHP) to estimate the extension of the Helmholtz layer. The
OHP corresponds to the plane that passes through the centers of the ions that are not
specifically adsorbed to hematite. We assumed that the first hydration layer in the water
density profiles accounts for the adsorbed solvent molecules on the surface and the water
molecules solvating the ions in the OHP. Therefore we set the OHP at the peaks of the
ion distributions that are immediately after the first hydration layer, which is determined
by the first peak in the water density profile reported by Ulman et al. The surface was
defined as the Fe plane in the case of the FeOsFe-termination and the OH plane in the
case of the OH-termination, see Ref®? We set the OH plane as the plane that passes
through the Oxygen atom. The simulations were done for different monovalent ions for
every termination, therefore we averaged the resulting Ly in all the cases. This yielded
values of Ly = 4.4 A and Ly = 6.4 A respectively. We then estimated the value of the
dielectric constants by assuming the Helmholtz layer behaves like a parallel-plate capacitor

which obeys

Cpy = S (2.36)
Ly

from which we obtained a value of ez = 25.3 for the stoichiometric termination and a
value of ey ~ 29.1 for the OH termination. It is important to point out that the values
estimated for Ly and ey behave qualitatively as expected. It is always assumed that the

Helmholtz layer extends over distances of the order of radii of solvated ions. Magnussen

22



and Gross observed the flattening of the average electrostatic potential after the first water
layer on Pt(111) via AIMD.* They claim this bulk-like behaviour implies that the width
of the compact part of the electric double layer should be lower than 10 A.

It is well known from experiments that the local dielectric constant in electrolytic
solutions decreases as it moves from the solution bulk to a charged surface*® The latter
behavior was used to explain recent experimental measurements of the kinetics of charge
transfer which mapped the behavior of the local dielectric constant from the diffuse layer to
the Helmholtz layer.®® Though, the values of the dielectric constants at the Helmholtz layer
were not reported in this study. We reported values of ez much lower than the dielectric
constant of bulk water €,qzer ~ 78 and bulk electrolytic solutions®4” Values with similar
magnitudes were estimated in literature for other systems. For example, Conway et al.

estimated e for a silver electrode in aqueous acid solution to be around ~ 152

We also estimated the Helmholtz layer parameters in an alternative way from exper-
imental data to check whether we were able to get compatible values with the ones we
extracted via ab-initio simulations. There is no way to determine the values of Ly and ey
directly from the available electrochemical data. However we fixed one of these two quan-
tities, and checked which values of Ly and ey are compatible with the measured values of
Helmholtz layer capacitances C'y reported in literature 212322 We selected the values of
capacitances reported for samples with (1202) surface orientation because it is structurally
closer to the stoichiometric termination FeOsFe termination, which is the one we used to
model the surface. We also filtered the available data, by considering experiments held
in solutions with pH> 3 because hematite is unstable at strong acidic conditions. We
calculated the width of the Helmholtz layer Ly using the planar capacitor equation [2.36]
using three different orders of magnitude of the dielectric constant e =1, 10 and 100 and
for three intermediate values of ey =5, 25, 30, 40 and 50. The resultant values of Ly can
be seen in Table 2.1l

To estimate the value of the dielectric constant, we kept the columns for which the
calculated values of Ly fell in a physically reasonable range, i.e. between the Bohr radius
and ~10 AP and discarded the rest. Then we kept the values of ey smaller than the

bulk dielectric constant of the NaOH solutions used in these experiments. Among the ey

23



Cru(uFJem®) [eg(A):] 1 | 5 | 10 | 25 | 30 | 40 | 50 | 100
352 0.25 | 1.26 | 2.53 | 6.32 | 7.59 | 10.12 | 12.65 | 25.30
5322 0.17 | 0.84 | 1.67 | 418 | 5.01 | 6.68 | 8.35 | 16.71
75.122 0.12 | 0.59 | 1.18 | 2.95 | 3.54 | 4.72 | 5.90 | 11.81
8822 01 | 0.5 | 1.01 | 252 |3.02| 4.02 | 5.03 | 10.06
18072 0.05| 025|049 | 1.23 | 1.48 | 1.97 | 2.46 | 4.92
227 5% 0.04 | 0.19 | 0.39 | 0.97 | 1.17 | 1.56 | 1.95 | 3.89
237.7%3 0.04 | 0.19 | 0.37 | 0.93 | 1.12 | 1.49 | 1.86 | 3.72
33123 0.03]0.13 [ 0.27 | 0.67 | 0.80 | 1.07 | 1.34 | 2.67

Table 2.1: Values of Ly (A) calculated from experimental capacitances, assuming the
Helmholtz layer behaves like a planar capacitor. The value of ey vary in the direction of
the columns and the value of the capacitance in the Helmholtz layer C'y changes across
the rows.

values considered, e = 25 showed to be the best estimation of the dielectric constant given
that it yielded the highest amount of acceptable Ly within a broad range of experimental
capacitances. The values of 30 and 40 for the dielectric constant also yielded acceptable
values of L. However, it can be observed in table that the dependence of Ly on the
dielectric constant is weak. Therefore, the results should change quantitatively, but not

qualitatively.

To estimate the value of Ly, we decided to set Ly to values of 1.25 A, 2.5 A, 5 A and
10 A and to test the behavior of the total potential drop using the continuous equations
at the experimental conditions. We noticed that in general the potential drops through
the different layers behaved as expected at doping densities of Np ~ 10¥cm™3, i.e. the
drop in the space charge layer of the semiconductor dominates over the other two. We
decided to choose an intermediate value of 5 A given that no drastic differences were found
while varying the value of L. This value also falls in the range of the L. estimated for
ey = 25 using the capacitances measured in experiments, see Tab. 2.1} Therefore we can
see that Helmholtz layer parameters obtained through the analysis of the experimental

data is compatible with the values found via ab-initio results.
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2.1.3 Connection of equations with experiment

As we mentioned previously, the potential drop in the space charge layer ¢, is the param-
eter needed to define the drops in the other two layers. Therefore we should identify a

connection between this quantity and the experimentally applied potential.

We found this connection through the flat band potential Vj,, whose measurements are
reported in the considered experiments. At an applied potential equal to the flat band
potential ¢ . = 0, as a consequence ¢, ¢ and ¢, are also zero, as clearly shown by Eq.
and These conditions can be used to connect the macroscopic quantities provided
by experiments and the microscopic quantities described in the equations describing the
semiconductor-electrolyte interface. The next crucial assumption is that the main changes
in voltage occur at the hematite-electrolyte interface when the applied bias is moved away
from flat-band conditions. The applied voltage V,,, reported in experiments can thus be

associated to the total potential drop across the interface:

Vapp = Vio = Grotat = |¢sc| + O + Pe- (2.37)

With this equation and the ones for the potential drops in ¢.; and ¢, we can fully
describe the potential drop across the interface as a function of the experimental conditions.
In every case, the value of ¢, has to be found by solving numerically a system of these
equations. To ensure uniformity in the selected data, we chose the experiments held at 1
Sun of illumination and using 1M NaOH solutions as the electrolyte, except Ref** and
Ref 2 which used 0.1M NaOH. We set the values of €, to the dielectric constants reported
by Buchner et al. for NaOH solutions

We used a dielectric constant of ;. = 57 for hematite. This value was measured by Ref.
43, where they used pure-undoped hematite and reported dielectric constants ranging from

32 to 57. We also found values between 12-120 for e,. in literature 240

including some
with strong temperature dependence® Though the problem of choosing an appropriate
dielectric constant for hematite remains open, we chose the constant from Ref. |43| because

they measured it with the c-axis of the hexagonal structure perpendicular to the substrate.
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We disregarded any dependence of €,. on doping, given that any variation of the dielectric
constant produces a change of the order of a square root in the equation for L,. (Eq.
2.11]). We report calculations with €. in the Appendix [A] to show the robustness of our
calculations. The calculations in Appendix [A] are consistent with calculations performed

using €,. = 957.

We would like to remark that in literature the width of the space charge layer is often
calculated using V,,,—Vyp instead of ¢..2%% As we will show, this is justified at low
doping, where the contribution of the space charge layer dominates in the total potential
drop. But this is not true at high doping concentrations, where the drop in the Helmholtz

layer is not negligible compare to the one in the space charge layer of the semiconductor.

2.2 Density functional Theory

Density functional theory (DFT) allow us to have access to the ground state properties
of real materials via the ground state electronic density. Using the electronic density is
practical because this quantity depends on the positions of the atoms instead of compli-
cated wavefunctions that depend on 3N degrees of freedom. Since matter is composed
of electrons and nuclei, it constitutes an interacting many-body system. Based on the
Born-Oppenheimer approximation, DFT is able to treat an interacting-electron system in
a simpler one body formalism. Though this is an exact theory, some approximations in
the modeling of the many body effects should be done in order to use it in practice. In
the following chapter we will introduce the concepts in which Density functional theory is

based on as well as the approximations required to implement it.

2.2.1 Born-Oppenheimer approximation

Density functional theory relies on the Born-Oppenheimer approximation, which allows
to treat the electronic and nuclear problem separately. Due to the big difference in the

masses of the electrons and nuclei, the electrons move faster than the nuclei degrees of
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freedom and therefore the electrons see the nuclei as if they were fixed. Therefore an
ansatz for the wavefunction can be proposed, where it can be expressed as the product of
a nuclear wavefunction and an electronic wave function, where the nuclear coordinates act

as a parameter in the latter.

U(r,R) = p(r) - x(R), (2.38)

where R represents the coordinates of the nuclei, r the electronic coordinates, x(R)
is the nuclear wavefunction and ®g(r) correspond to the electronic wavefunction. The

Hamiltonian for a set of N,, nuclei and N, is given by

Ne N’IL

. Z[ZJG 1 62 ZI€2
H—_ZQme Z?M[ Z|R[_RJ| eri_rj_; R, R, (2.39)

i=1

where the first term corresponds to the kinetic energy of the electrons; the second term
to the kinetic energy of nuclei; the third term accounts for the interactions between the
nuclei; the fourth term describes the electron-electron Coulomb interaction; and the fifth
term represents the interaction between nuclei and electrons, this term is fundamental

because is attractive contribution to the Hamiltonian that holds all the particles together.

We can apply the nuclear kinetic energy operator to the total wavefunction proposed
in the ansatz given by eq. and using the fact that m. < M;, we can neglect the

so-called non adiabatic terms.
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T R) = -y V3, R) = - iQLIv%R() V(R)), (2.40)

LU R) = — 3 Lo [(R)V20a(r) + Da(r)VIN(R) + 2V20(r) - VI(R] . (2.41)

T¥(r,R)=-) h [®r(r)VIX(R)]. (2.42)

Applying the approximation obtained for the nuclear kinetic energy in the eq. to
the Hamiltonian in eq. and integrating out the electronic degrees of freedom. The
nuclear and electronic problem can be separated. The nuclear problem is reduced to solve

this Schrodinger equation:

-2 " VIX(R) + U(R)x(R) = Ex(R). (2.43)

The nuclear degrees of freedom are treated quantum mechanically. Due to the lo-
calized nature of solutions, they display a classical behavior. Where U(R) is the Born-
Oppenheimer potential energy surface, it represents the ground state potential energy of
the electronic problem when the nuclei are determined by the vector R. U(R) can be found

by solving the Schrodinger problems for the electronic degrees of freedom.

N
~ 2 1 Zle Z]ZJG
T L9y, O%(r) = d%(r).
( ;2771 Vit 221' —r; Z|R1—RJ| Z|R1—RJ| 7(r) = Ua(R)PR(r)
(2.44)

The electronic problem is thus an interacting electron system since it cannot be de-
coupled in a one-body problem. Fortunately DFT provides the framework to tackle this

problem.
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2.2.2 Hohenberg-Kohn Theorem

Density functional is based the Hohenberg-Kohn theorem which states that the total energy
of an interacting electron system is a functional of the electronic density. They showed that
there is a one to one relation between the electronic density and the external potential.
Which means that a determined ground state electronic density is caused by one and only
one external potential. Therefore, given an external potential, we can write the ground

state total energy as functional of the electronic density.

Hohenberg and Kohn did not give a hint on how to build this functional. But a

functional based on the interacting electrons problem can be proposed

Elp] = T[p| + E[p] + EHertrec[p] + EXC[p], (2.45)

where T/[p] corresponds to the kinetic energy term; E**[p| to the contribution from the

EHartree[ ] is the Hartree term represent-

external potential which is produced by nuclei;
ing the electron-electron pairwise Coulomb interaction; and the EX¢[p] is the exchange
and correlation energy functional, which encloses the many-body effects and includes the
corrections to the kinetic energy and the Coulomb interactions. The real ground state elec-
tronic density is the one that minimizes the total energy functional. Therefore a variational
method has to be applied to the total energy functional with respect to the electronic den-
sity conserving the number of electrons. It is important to mention that certain electronic
densities cannot be represented by any external potential, which is a signature that they

do not correspond to ground state electronic densities.

2.2.3 Kohn-Sham equations

Kohn and Sham proposed an ansatz in which they assumed that the ground state density of
the original interacting system is equal to that a non-interacting system. Which translates

in a mapping of an interacting electron problem to one-body formalism. This allow us
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to introduce a set of auxiliary Kohn-Sham orbitals ¢;(r). We can express the electronic

density in terms of these orbitals

or) = 32 FlP. (2.46)

where f; is occupation of the orbital state ¢;. Since there is no direct expression of the
kinetic energy in terms of the electronic density, this change of variables allow us to have

an approximate expression of the kinetic energy

RAVv?

Do) == 3" 6 [ 615, (247

and therefore we can re-express the total energy functional as follows:

1 r)p(r’
B = Tulp)] + [ @rptryves g [ [EDAT) G

In this case the exchange and E,.[p] correlation functional will include the corrections
generated by expressing the kinetic energy in terms of the Kohn-Sham auxiliary orbitals.
We can find the shape of the effective potential Vg acting on the fictitious non-interacting
system by minimizing the ground energy functionals of both interacting and non-interacting

systems with respect to the same electronic density. The constraint given by the conser-

vation of the total number particles should be preserved during the variational procedure.

/
VKS - ‘/ext + 62 / Mdr/ + Vge,
v —r'|

where v,. is given by
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OF.[p]
dp(r)

The so-called Kohn-Sham equations can be obtained by minimizing the total energy

Vge =

functional E°[p] with respect to the Kohn-Sham orbitals ®; and keeping fixed the total

number of electrons:

h2Vv?
HKS(I)i(r) = [— 2m

+ VKS} D;(r) = €P;(r).

Therefore, the many body problem is reduced to the solution of a non-linear set of
Schrodinger-like equations, in which the electronic density should be obtained but also is
required to build the Kohn-Sham potential. Therefore these equations should be solved
self-consistently with an initial guess for the electronic density and therefore Vi g until the

convergence of both is reached.

Solving the Kohn-Sham equations translates to find the ground state electronic function
of the interacting electron system and therefore the ground state energy. The electronic
density provides the framework to work in a mean field approach, here the real electronic
system was treated as a non-interacting system of electrons feeling a potential Vg which

accounts for the many-body effects.

2.2.4 Exchange and correlation energy functional

We can say that the goal of the Kohn-Sham equations is to determine the ground state
electronic density and therefore the ground state energy given the exchange and correlation
functional E,.[p]. However no definite shape has been given to this functional. Indeed,
no expression for E,.[p] is known for systems having more than one electron. In order to
model the many-body effects and to put in practice DFT, the E,.[p] functional should be
approximated. One of these approximations is the Local (Spin) Density approximation
L(S)DA. In this approach, the real system is assumed to have locally the same density of

an homogeneous electron gas. In this case the E,.[p] functional can be expressed as
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ELPA) = / £hom () p(r) )

where "™ (p(r)) is the local energy density of an homogeneous electron gas. To treat
magnetic systems one can express the E,.[p] functional in terms of both populations of
spins and solving the Kohn-Sham populations for each spin population independently. Here
the spins interact via the Hartree interaction and the exchange and correlation potential.
The unbalance in the populations of spin is caused by the effect of the E,.[p] functional,

therefore generating a finite magnetization.

The LDA approximation can describe the electronic, structural and magnetic properties
of the ground state for materials like nearly-free-electron metals, ionic solids and intrinsic
semiconductors. Though this approximation is made for systems with smooth electronic
densities, it also works for systems with which are not perfectly homogeneous like covalent

compounds. However it fails in reproducing binding energies and equilibrium bond lengths.

The Generalized Gradient Approximation (GGA) was created as an effort to account
for the possible density inhomogeneities found in real systems. In this case, the exchange

and correlation functional is also a functional from the local density variations:

FGGA[,] — / €55 (1 (x), [Vn(x) () dr. (2.48)

Though improvements in binding energies and structural properties could be achieved
with this approximation, still DFT as implemented in the LDA and GGA approximation
is a mean field approach. In order to add the correlations caused by localized charge
distributions, corrections should be done to the E,.[p] energy functional. In this work we
used the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional, which is in

the GGA approximation, to approximate the functional E,.[n].
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225 DFT + U

DFT is unable to describe correctly strongly-correlated materials. This drawback has its
origin in the original assumption that the real system behaves like an electron gas. This
framework makes either GGA and LDA unable to make correct calculations for materials
with localized charge distributions and therefore strong correlations, as evidenced in the

incorrect description of transition-metal oxides as metals or small-gap semiconductors.

Correlations are present in systems with highly localized charge distributions, like atoms
with partially filled d or f orbitals. For example in the case of hematite, it is well known
that the 3d orbitals from the iron atoms are localized in space. It is well known that there is
a competition between the kinetic energy (which can be obtained from the bandwidth) and
the potential energy that an electron should pay when approaching a region with localized
charge. When the kinetic energy dominates, electrons can overcome the Coulomb potential
energy originated by charge distributions and delocalize, as it happens in metallic systems.
On the other extreme case, when there is a extremely localized state, the price in potential
energy an electron has to pay to approach to it is higher than the kinetic energy. Making
it difficult for electrons to hop to different sites, which is visible in the narrow bands in the

electronic structure, which translates to an insulating behavior.

The natural framework to model correlations can be found in many-body Hamiltonians

like the Hubbard Model which in in its simplest form is expressed as:

H=—t Z cl cio + UZnﬁnN, (2.49)
<ij>o i
where c;racjg is the spin density operator n;, for spin ¢ on the i-th site and U is the

magnitude of the Coulomb repulsion between two electrons with opposite spins located in
the same site. In the Hamiltonian the hopping term (which is related to the bandwidth)
and the U Coulomb potential energy are the interaction parameters and can be modulated.
Therefore corrections to the exchange and correlation functional can be done based on a
Hubbard-like mean-field approximation, however the results strongly depend on the values

given to the interaction parameters. The main drawback is that there is not a fixed proce-
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dure to determine the U parameter, in many cases it is chosen to provide calculations that
reproduce experimentally observed band gaps. And another drawback is that Hamiltoni-
ans are too simple, that no details in the nature of the electronic structure of the material

can be modeled.

2.3 DFT calculation details

We investigated the bending of the energy bands of the hematite (0001) surface using
density functional theory (DFT). We performed the calculations in the spin-polarized
planewave-pseudopotential formalism using the PBE exchange-correlation functional * as
implemented in QUANTUM ESPRESSO " We also considered the DFT+U correction in
our calculations to take into account the effects of the localized nature of the 3d iron or-

514152

bitals in hematite. We chose the U parameter to be 4.2 eV, which yields a band gap

of ~ 2 eV, in agreement with Ref. 53.

We performed the bulk calculations using a 30-atom hexagonal unit cell composed by six
formula units of Fe;O3. We determined the values of the energy cutoffs and k-point grid we
used in our calculations by testing the convergence of the energy differences in spin-paired
and spin-polarized bulk hematite. We chose the input values for the calculation until the
latter difference in energy converged with a variation of around 10 meV. We selected energy
cutoffs of 40 Ry and 480 Ry for the wavefunctions and the charge density, respectively.
And we considered a k-point grid of 6 x 6 x 2 for the special-point integration in the
Brillouin-zone. We performed a variable-cell relaxation to optimize the lattice constants
of the crystals structure, obtaining values of a=5.11 A and ¢=13.94 A . These parameters
differ in less than 2% with the experimental values (¢ = 5.0356 A and ¢ = 13.7489 A) 5254
This structure yielded a band gap of ~ 2 eV and a magnetic moment per iron atom of 4.29

pp (experimental value.?*2% 4.6 ug).

We performed calculations for the stoichiometric FeOsFe termination of the (0001)
surface of hematite, which has shown to be the most stable in a wide range of oxygen

chemical potentials according to ab-initio thermodynamics #2928 We modeled the sur-
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face using slabs with an odd-number of bilayers of hematite (one bilayer corresponds to
one formula unit of Fe;O3) because it allowed to preserve the mirror symmetry of the an-
tiferromagnetic (AFM) ordering. We used a vacuum of 20 A between the slabs in the cell
to decouple the surfaces and we chose a 6 x 6 x 1 to sample the Brillouin zone, following
the grid convergence for the bulk calculations. We computed the surface energy for the
5-bilayered Fe;O, surface to check the consistency of our calculations compared to simi-
lar DFT calculations performed in literature. We obtained a value of 62 meV/A? for the

surface energy, which agrees with the result reported by Nguyen et al>
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Chapter 3
Continuous equations

In this chapter we use the continuous model based on the Stern model and the Poisson-
Boltzmann introduced in the previous chapter to show the trends followed by the width
of the space charge layer L,. and the potential drop across the interface in dependence
of the experimental conditions found in literature. We also show the existence of more
experiments displaying ultrathin space charge layers and explore the effects of high doping
on the interface. Before discussing this, in the first part of the chapter, we discuss the

validity the continuous model under alkaline conditions.

3.1 Validity of continuous equations in alkaline envi-

ronments

The water splitting experiments reported in literature usually take place at alkaline pH.
Therefore it is important to know, whether or not the equations proposed in the last
chapter are valid under these conditions. For this purpose, we connected the continuous
equations to experimental measurements in Ref. 59. Boily et al.®? claimed they measured
the interfacial potential 1, for the (001) hematite surface as a function of pH and ionic

strength (the concentration of each ionic species in the solutions) in NaNOj solutions.
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They measured the spontaneous electromotive force E of a single hematite crystal with
respect to a standard reference electrode using a high impedance potentiometer. According
to them, the changes of the electromotive force E — as a function of pH, ionic strength,
adsorbate concentration, and electrolyte composition — arise from the semiconductor-
electrolyte interface. They considered the latter was true if the reference electrode used in
the measurements showed a constant potential that does not depend on the composition
of the solution. They used the Basic Stern Model (BSM) to describe the electric double
layer, which is constituted by the Helmholtz layer or Stern layer and the Gouy-Chapman
layer, see Figure [3.1] The plane 0 corresponds to the inner Helmholtz plane and the plane

v

A
UO - CStern (\IJO - \Ijb)
U, |0 plane A
v, b plane
Wy(w)
»
Zo Ty T

Stern layer }— diffuse layer —»

00 Oy od

Figure 3.1: Diagram of the Basic Stern Model. The plane xy corresponds to the inner
Helmholtz plane and the plane x;, marks the end of the Helmholtz layer and the beginning
of the diffuse layer. W, is the interfacial potential, ¥, is the value that the potential takes
at the outer Helmholtz plane and ¥, is the potential in the diffuse layer. og, o, and o4 are
the charges at the inner Helmholtz plane, the outer Helmholtz plane and the diffuse layer.
The capacitance in the Stern layer is given by Clgern-
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b marks the end of the Helmholtz layer and the beginning of the diffuse layer. Boily et
al., related their measured E to the potential ¥y developed in the inner-Helmholtz plane
of the hematite-electrolyte interface. At the same time, they also proposed a connection
between ¥, and the capacitance of the Stern layer Cy.,.,, or Helmholtz layer, the surface

charge oy and the potential measured at the plane b with respect to the bulk solution, U,

FE = \If[) == UO/CStern -+ \Ijb. (31)

From figure , we can see that the potential drop in the Stern (Helmholtz) ¢y layer

corresponds to:

o = Vo — V. (3.2)

Thus, ¥, can be estimated from the parameters ¢ and ;. Given that ¥, is measured
with respect to the bulk solution, it corresponds to ¢.; (Equation [2.13). Hence,

Vo= ¢y + e, (3.3)

where ¢p is the potential drop in the Helmholtz layer and ¢.; is the potential drop in
the diffuse layer, defined respectively in equations and

We considered the measurements performed in two solutions of NaNOjs with concen-
trations of 10mM and 500mM. The measured surface potentials E as a function of the pH
for the two different solutions are represented by the curves represented by small circles
and triangles in Figs. and [3.3] The pH in the experiments was modified with the
addition of HNO3 and NaOH, to get more acidic or alkaline conditions respectively. The
different geometric figures in the plots represent different titrations or volumetric analysis
performed in the same hematite sample to achieve the acidic or alkaline pH conditions. In
both cases the solutions had concentrations of 10mM and 500mM at pH 7. The addition

of the acid and the base also modified the ionic strength of the solutions, in this case the
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Co=10mM NaNO03, Np=1.0E17 cm™3 Co=10mM NaNO3, Np=1.0E18 cm3
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Figure 3.2: Surface potential ¥, as a function of the pH for a solution with initial concen-
tration of 10mM NaNOj at a pH 7 (neutral conditions). The geometric shapes represent
different titrations performed using the same hematite sample. The colored lines show the
output of the continuous model proposed in Eq. at different potential drops in the
space charge layer.

particular concentration of the cations in the solution. In the experiment they used natural

hematite crystals exhibiting large smooth faces of (001) orientation.

59
1.,

To recreate the experimental conditions performed by Boily et a we set the pa-

rameters in the equations describing the potential drop at hematite-electrolyte interface as

follows:

e Donor density. We set the donor density to be of the order of 10®¥cm™2, which
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Co=500mM NaNO3, Np=1.0E17 cm3 Co=500mM NaNO3, Np=1.0E18 cm™3
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Figure 3.3: Surface potential ¥, as a function of the pH for a solution with initial concen-
tration of 500mM NaNOj at a pH 7 (neutral conditions). The geometric shapes represent
different titrations performed using the same hematite sample. The colored lines show the
output of the continuous model proposed in Eq. at different potential drops in the
space charge layer.

is a value that has been observed experimentally in pure hematité®?*® However we
also studied the behavior of the equations when the donor density is of the order of

107ecm =2 and 10%cm 3.

e Ionic strength (concentrations). We used the pH to estimate the ionic strength
of the NOz' anion in the acidic region, which goes from 0.01/0.5M at pH 7 to
1.01/1.50M at pH 0 (for 10mM NaNOj and 500mM NaNOj respectively). We used

the same reasoning to calculate the concentration of the ion Na® in the alkaline
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region. Given that NaNOj is a strong electrolyte, HNOj is a strong acid and NaOH
is a strong base i.e. they are completely dissociated at any pH; the ionic strengths of
the ions were calculated as the sum of the concentrations of the original 0.01M/0.5M
solutions plus the concentration of HT/OH™ donated by the strong acid and strong

base.

Dielectric constants from the solutions. Around the neutral-pH region, the
concentrations of the electrolyte solutions are dominated by NaNOj; (pH 2-12). We
chose the values we used for €. from experimental dielectric constants corresponding
to NaNOs solutions®®? Away from the neutral region, the concentration is domi-
nated either by the HNO3 or NaOH, in the acidic and alkaline regions respectively.
Therefore we considered the experimental values of the dielectric constants of NaOH
solutions®® for the alkaline region. We used the data available for NaNOj3 solutions®t
for the acidic region, given that we do not have data for the dielectric constants
of HNOj3 solutions. When the concentration of the electrolyte is comparable to the
added base or acid, we calculated the dielectric constant of the solution as a weighted
average of the components. In most of the cases the dielectric constants at specific
concentrations are not found in literature, therefore we estimated them by fitting the

existing data to linear equations.

Helmholtz layer parameters. Given that the OH termination is shown to be the
dominant termination of hematite in contact with water® ™ we used ey = 29.1 and
Ly = 6.4 A that we calculated from the theoretical result for the OH termination

obtained by K. Ulman (see section [2.1.2] )

The results we obtained for the surface potential ¥, (see equation for the 10mM

NaNOj; and 500mM NaNOjs solutions, can be seen in Figures [3.2] and [3.3] respectively. The

lines in colors represent the results obtained using the equations. The geometric figures

represent the experimental data we wanted to reproduce. Since ¢y and ¢ depend both

in Np and |¢s.|, we checked the behavior of the system under different conditions dictated

by these parameters.
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We recovered the plateau in the experimental curves in Figs. and at intermediate
and alkaline pH values. The ideal (001) hematite surface is expected to remain charge-
neutral around the 2 — 10 pH range and therefore the flat region should be located at an
average zero potential® Using the equations we have for ¢, and ¢, the plateau is not
always close to Wy ~ 0 V. However it is important to point out that the experimental
results were shifted by a constant value in order to yield a neutral ¥ in the flat region "
According to Figures [3.2] and the neutral plateau is reached at low values of ¢, at
doping densities around [10'cm ™3, 10'8cm 3], which correspond to pure hematite according
to experimental literature.”#>5% The latter might imply that the model is reasonable at

alkaline conditions.

To check the validity of the latter results, it is important to analyze whether the pa-
rameters introduced in Equation [3.3] are reasonable. Some of these parameters are fixed
since they are part of the set up from the experiment and the nature of the sample, like the
doping density Np and the concentration of the solutions ¢. The remaining parameter to
analyze is the potential drop in the space charge layer ¢,.. Since here we dealt with pure
hematite, we should analyze the data at doping densities around [10'7cm ™3, 108cm=3]. We
can see in Figures 3.2 and that the best fits to the experimental data are obtained
at low values of ¢4.. Since the measurements in this experiment were performed without
the presence of any external field, there is no way to increase the potential drop in the
semiconductor. Therefore, small values of ¢,. are physically reasonable. It is important to
mention that |¢s.| is constrained to take values greater than kgT'/e, therefore the lowest
value we tested is 0.05V.

At acidic pH conditions we expect to have positively charged (001) surfaces due to
the protonation of the predominant p — OH terminations, according to the experiment.
Therefore ¥, should take higher values than the ones found in the plateau. In the ex-
periment the surface potential g is steepest for 500mM NaNOs than for 10mM NaNOs.
Experimentalists attribute this change to the emergence of additional proton-active sites
caused by the HNO3-promoted dissolution of the (001) hematite surface,” i.e. the surface
becomes more positive. The continuous equations are not able to describe the acidic region

given that lack from the description of the adsorption of the protons on the surface. The
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model is also unable to capture the effect of the dissolution of the (001) on the creation of
new proton-active sites. In this analysis we just took into consideration those experimental
results in which the surface was not dissolved by addition of the titrant, i.e. fast titrations.
According to Boily et al.,”? the (001) surface showed to be stable during fast titrations due
to the slow rate of acidic dissolution of hematite (001). The latter fact was reflected in the
reversibility of the protonation of the surface by successive alkalimetric and acidimetric

titrations.

Although we were not able to reproduce the data from Boily et al. at acidic conditions,
people have been able to reproduce this experimental results using surface complexation
models. These models help to take into account the adsorption of potential determining
ions by applying a thermodynamic approach to describe the formation of surface complexes.
For example, Boily et al®® developed a thermodynamic surface complexation model based
on the basic stern model to describe their experimental results. In general surface com-
plexation models are used together with models for the electric double layer (Helmholtz
and Gouy-Chapman layer).** However their implementation generally imply the fitting
of equilibrium K constants, capacitances and the surface site density to the experimental
data. And in addition, the parameter sets obtained for each fitting have shown to be non-
unique. In recent years, people have been working to find a way to develop approaches
to estimate the parameters in an internally consistent manner®* In order to improve the
description we have of the interface, we have to take into account the adsorption of ions
(including al the phenomena involved like coordination, bonding, solvation). As well as
the atomic structure of the surface given that different surface orientations have different

charging behavior.

Summarizing, the model we chose to describe the hematite-electrolyte interface seems to
work reasonably well at alkaline conditions. These are the pH conditions we are interested
in, given that water splitting experiments are held under these conditions due to the

instability of hematite at pH < 3.
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3.2 Space charge layer width

The width of the space charge layer is decisive for the efficiency of the photocalalyst in
the electrochemical splitting of water: it promotes electron-hole separation and helps to
avoid recombination %53 This is possible due the existence of an electric field caused by the
depletion of conduction electrons from this region. Figure depicts the width of the space
charge layer L. as a function of the doping density for different experiments. The white and
the black dots illustrate the values of L. at which the Oxygen evolution reaction (OER)
occurs under illuminated and dark conditions, respectively. The straight lines represent
the values that L,. takes in the whole range of applied bias in every experiment. And
the inset in Figure zooms the data at high doping densities, which is around ~ 10%

donors/cm?.
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Figure 3.4: Calculated drop of the space charge layer L. versus the doping density. The
inset shows a zoom in on the data at high doping densities ~ 10*!cm ™. The white and
black dots represent the data of the onset of the OER under illuminated (1 sun) and dark
conditions.
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We observed that the width of the space charge layer can be as small as 1 nanometer in
some experiments, see Figure[3.4] As we mentioned before, Tachikawa et al. recently mea-
sured such small space charge layers in highly doped and nanostructured hematite films.?®
We did not report the experiment in Ref. 28 in our work because of the lack of reported
parameters needed as an input in the model we are using. We noticed that the hematite
samples from the two experiments with the smallest L,. have different microstructures. Le
Formal et al?” used silicon-doped hematite thin-films with cauliflower-like nanostructures
of around 5 nm and Rothschild et al®® used Ti-doped thin-films hematite photoanodes
with a thickness of 50 nm. In the experiment by Le Formal et al.” the space charge layer
represents a substantial volume-fraction of the photoanode, which is not true for the other.
This difference is evidenced in the remarkably high photocurrent densities and lower onset
potential reported in Ref. 27 in contrast to Ref. |66, Though the onset potential in the
latter is shifted anodically (is higher) by just 300 mV compared to the onset reported by
Le Formal et. al (see Figure , it still falls in the trends followed by experiments with
much larger space charge layers. Rothschild et al.%® attributed the low photocurrents they
observed to bulk effects, based on the effect of H,O5 as hole scavenger®” in the photocurrent
densities; and due to surface effects based on the low values obtained for the charge-transfer

efficiency coefficient in this sample.

The calculations in this work suggest that the small width of the space charge layer
might also play a role in the photocurrent efficiencies. Figure shows mean electric fields
at the space charge layer as a function of the doping density. The highly-doped samples
displayed electric fields in the space charge region, that might be partially compensating
the small width of the space charge layer, see Figure|3.8 The volume-fraction occupied by
the space charge layer in the photoanode, seems to play a role in the efficiency, as shown

by the experiment by Le Formal et al%”

The trends observed in the width of the space charge layer L,. under both illuminated
and dark conditions occur despite the samples displayed differences in doping densities,
doping agents nature, thickness and morphology 23220000008 gee Figure and Table
3.1 For example, the films prepared by Shinde et al™ were annealed at high and low

temperatures and doped with Sn at the surface or by diffusion from the substrate. Clearer
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Np Film Thickness L.
Reference Dopant type (em=3) (A) (A)
Iandolo et al.** Oxygen vacancies 2.28 x 10*® 250 + 20 242-520
2.52 x 1018 316-541
Klahr et al % _Umknown e 18 600 71-357
(Possibly Oxygen vacancies)
Steier et al®® Oxygen vacancies 1.31 x 101 190-300 100-224
3.00 x 10 48-138
4.50 x 109 74-129
Cowan et al.*” Oxygen vacancies 6.40x10  Not reported 54-103
Shinde et al'® Sn 4.72 x 101 2000 £ 200 53-130
6.48 x 10 32-105
6.97 x 10 31-101
7.87 x 10 50-104
8.18 x 10" 40-98
9.79 x 101 20-80
1.16 x 10%° 14-70
Lopes et al %Y Impurities induced 2.00 x 102 247 27-55
by pre-treatment 2.21 x 10%° 286 25-52
Rothschild et al.%® Ti 9.00 x 10 500 29-86
4.10 x 10%° 23-35
6.20 x 10%° 18-28
1.20 x 10 7-15
Le Formal et al.2” Si 7.00 x 102 Not reported 6-22

Table 3.1:

Film thicknesses of the samples used in the experiments (reported in the

literature) and their corresponding calculated width of the space charge layer L,.. We
calculated L,. for the range of applied voltages reported in literature. Every row in L.
correspond to the samples reported by the authors of the experiments. Note that in most
of the cases the widths of the space charge layer are smaller than the film thicknesses.

trends were observed in the data obtained from measurements in the dark, where just the
electrochemical processes at the interface play a role, see Figure [3.6| (c) and Figure|3.7| (c).

The irregularities we observed in the data from measurements under illumination might

be linked to bulk phenomena such as exciton formation and photoabsorption.
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Thin films with thicknesses of the order of the size of the depletion layer might help to
reduce electron-hole recombination according to some authors.®>™ Lopes et al®Y observed
increased photocurrents at given applied potentials by increasing the film thickness until
a critical value, which might be comparable to the size of the space charge layer in the
hematite films at the reported doping density. They attributed the lower photocurrents
measured in ultra-thin films with moderated doping levels to spatial limitations imposed
to the development of the depletion region. They also observed negligible photocurrents
in thicker films, presumably because the increase of the electrical resistance in the semi-
conductor bulk® The calculated widths of the space charge layer are smaller than the
reported film thicknesses in most of the cases we examined, except by the films used by
Iandolo et al.;** see the fourth and and fifth columns in Table . We would like to point
out that frequently the photoelectrodes have non-planar structures, which should lead to
a more complicated analysis. In these cases, the local electric field should depend on the

curvature of the surface™

We want to point out that the model we used in this thesis for L., corresponds to
the one extensively used in literature. Experimentalists use it to extract the space charge
layer thicknesses in their studies. The validation of the model regarding the prediction of
the thicknesses in the nanometric regime is still an open question. However, as part of
the motivation of this research, we give the first steps towards understanding this limit.
It is not clear how or when this description breaks down. However, the validation could
be performed either by experimental or theoretical techniques. Higher resolution experi-
ments are required for the investigation of this interface. On the other and, more robust

simulations are required to understand this limit at atomic scales.
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3.3 Potential drop at the interface

Figures and show the potential drops across the three regions of the hematite-
electrolyte interface and the ratios between them as a function of the doping density. The
potential drop in the Helmholtz layer ¢ and the potential drop in the semiconductor ¢,
take comparable values at high doping densities ~ 102! cm™2, see Figure (e). This
particular condition occurs at the same high-doping regime where the width of the space
charge layer reaches ultra-thin dimensions: it is a signature of unexpected working condi-
tions of the photoanode in water splitting experiments. The potential drop in the space
charge layer contributes the most to the total potential drop under depletion conditions
(¢r/Pse < 1), which favor charge separation and hole transport to the surface 225 Many
authors claim that this is the regime where charges are separated more efficiently and there-
fore where the overall efficiency is the highest. The high concentration of experiments with
ratios ¢p /s < 1 reflect this situation, see Figure (a).

We plotted ¢y, g and ¢, as a function of the applied voltage for samples at different
doping regimes to get an insight of the potential distribution across the interface, see Figure
(¢), (d) and (e). The samples with moderated doping levels show potential distributions
commonly associated to depletion conditions, Figure|3.5|(c) and (d). In contrast, the highly
doped sample in Figure (e) displayed comparable magnitudes of ¢,. and ¢ in the entire
range of applied potentials. This regime of high doping concentration has not been explored
much in experiments. Figure (e) shows that changes in the applied potential might
cause substantial ionic and molecular rearrangements in the Helmholtz layer. Comparable
values of ¢,. and ¢y imply capacitances C,. and Cy with the same order of magnitude.”

Le Formal et. al4”

reported capacitances with this behavior in the experiment in Figure
(e). The potential drop in the diffuse layer contributes the least in the entire range
of doping conditions, see Figure (b), (¢), (d) and (e). It vanishes at high solution
concentrations ¢y >~ 0.1 M, as it can be seen analyzing Eq. in the limit of large
co 2213 Most of the experiments we selected use 1M NaOH electrolytes, except by Iandolo

et al“? and Klahr et al*® who used 0.1M NaOH solutions.
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Figure 3.5: Behaviour of the potential drops across the interface of hematite. Figures (a)
and (b) show plots of the ratios ¢g/¢s. and ¢ /s, versus the doping density. Figures (c),
(d) and (e) show ¢g., ¢ and ¢ versus the applied voltage with respect to the flatband
potential for three different samples located in different regions of (a). The doping densities
of the samples in these experiments were 2.28 x 10¥cm ™3, 1.1594 x 10*’cm = and 7 x
10%cm ™3 respectively. The vertical lines in (c), (d) and (e) represent the potential values
for the onset of the oxygen evolution reaction on both dark and illuminated conditions.
The zero of the applied voltage is referenced to the flat band potential V},. Voltages higher

than zero mean applied voltages more positive than V.
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Figure 3.6: Potential drop in the Helmholtz layer versus the doping density, (a). Figures
(b) and (c) show linear fits performed for the data of onset potential under illuminated and
dark conditions respectively. Here, ¢ = 57 has been used for bulk hematite, together with
the Helmholtz parameters extracted from the simulations of the stoichiometric termination.
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Figure 3.7:  Potential drop in the Gouy-Chapman layer versus the doping density, (a).
Figures (b) and (c) show linear fits performed for the data of onset potential under illu-
minated and dark conditions respectively. Here, ¢ = 57 has been used for bulk hematite,
together with the Ly extracted from the simulations of the stoichiometric termination.

Figures [3.6] and [3.7 show plots of the potential drop in the Helmholtz layer ¢y and the

Gouy-Chapman layer ¢.;, both as a function of the doping densities, for all the experiments.
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Both potential drops show more dispersed behavior for experiments under illuminated
conditions in comparison to the experiments under dark conditions. To get a quantitative
insight into these trends, we performed linear fits of the trends followed by the potential
drops under illuminated and dark conditions, see (b) and (c) from both Figs. and [3.7]
The fits were performed in two different regimes: Low (green line) and high (light blue
line) doping conditions. We found high correlation coefficients for the both drops (¢y and
®e) In the high doping regime, see (b)(c) and (b)(c). Under these conditions ¢y
takes values between 0.1 V and 0.6 V. The latter might be a quantitative signature of the

regime in which the contribution of ¢y becomes important.
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Figure 3.8: Average electric field versus the doping density across the the space charge
layer and the Helmholtz layer, figures (a) and (b) respectively. Both average fields increase
while increasing the doping density due to the decrease of the spatial extension of both
layers.

Figure shows the mean electric field in the (a) space charge layer and the Helmholtz
layer (b). We computed the first using the calculated L. (Figure Eq. and
¢se (Figure , which we obtained by the numerical solution of the system of equations
Eq. 2.35] Eq. 2.12] and [2.13] We computed the latter using the ¢y (Figure and Ly

we chose. We can see that in both cases the intensities of the fields in these layers are

remarkably high at high doping densities. Which as we mentioned before, might be the

compensating factor that enhances charge transfer in ultra-thin space charge layers.
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Figure 3.9: Potential drop in the space charge layer versus doping density. Here, ¢ = 57
has been used for bulk hematite, together with the Helmholtz parameters extracted from
the simulations of the stoichiometric termination.

3.4 High-doping correction to the Mott-Schottky equa-
tion

The Mott-Schottky analysis allows to study the space charge layer and to characterize

it using data provided by experiments. The fundamental equation used in this analysis,

describes a linear relation between the potential drop in the space charge layer ¢,. and the

square of the inverse capacitance:

1 2 kT
S S P 3.4
C2%2,  eesccgNp [¢ e } (3-4)

For moderately high-doped semiconductors, most of the total potential drop is accom-

modated by the space charge layer. This leads to2#ATHSE
1 2 kT
CZ ~ eencoNp {(Vapp = Vi) — . ] ; (3.5)
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where V,,,—Vy5, = ¢s.. However this may be inadequate in the case of extreme high-
doping densities, which are under study here. As we discussed before, in this regime the
contribution of the potential drop of the Helmholtz layer to the total drop across the

interface is substantial.

In this section we provide a derivation of the modified version of the Mott-Schottky
equation in the case where the potential drop in the Helmholtz layer cannot be neglected.
Considering the relation between V,,, and the contributions to the potential drop ¢,

Vapp — Vib = Grotal = |Psc| + ¢ + ¢er; the expression for ¢ in equation and neglecting
®er; We obtained:

‘/app - Vfb = ¢sc + A V ¢sca (36)

where

Lygv2
A= H\/_\/eesceoND. (3.7)

(24}

The latter equation is quadratic in \/¢,., and its solutions are:

A AV =V,
%——éi\/ - (2 w = Vi), (3.8)

Imposing the flatband condition (¢s. = 0 at Vi, = V}), the only possible solution is
the positive '+’. Squaring both sides in Eq. [3.8 we obtained

A? A? A(Vipy — V.
¢SC:7+(npp—vfb)—7\/1+w, (3.9)

which inserted in Eq. leads to:

1 2 A?

C?2  ees6oNp | 2

A kT
+ (Vapp — Vip) — 5\/A2 +4(Vapp — Vi) — % : (3.10)

This equation generalizes the Mott-Schottky relation and it is applicable when ¢y
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cannot be neglected i.e. high doping conditions. Under these conditions the behaviour
changes close to the flatband potential. In the vicinity of the flatband potential Vi,
(Vapp—V ) < A% Thus one can develop a Taylor expansion of the square root in Eq.

11
(14 ) :1+§x—§x2+... (3.11)

The Taylor expansion to second order leads to the cancellation of the low-order terms

and gives:

(V:lpp — Vfb)Q‘

¢sc - A2 (312)
Inserting this equation in the Mott-Schottky relation in Eq. [3.4 we obtained:
1 2 Vorw — Vip)? kT
= (Vapp = V)" kT (3.13)
C2. eese6oNp A2 e

The leading term has changed, therefore close to the flatband potential the Mott-
Schottky relation should become quadratic in V,,,, see Figure [3.10] (a).

On the other hand, if A is small enough under conditions far from the flatband potential,
the following relation may apply A? < V,,,—V . We expanded the general expression for
the modified Mott-Schottky relation (Eq. [3.10) to first order in A:

1 2

0_2 = (Vapp - Vfb) - A\/ Vapp - Vfb -

kgT
eescEOA]\[D .

—_— 3.14
: (3.14)

Thus Eq. shows that a square root term should correct the linear dependence of the
inverse square capacitance on V,,,—V g, see Figure m (b). In principle, this behavior
could be detected in highly doped samples, which would indicate a deviation from the
classical semiconducting electrode. It is important to mention that the quadratic behavior

in the vicinity of the flatband potential and the sub-linear behavior far from it are observed
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Figure 3.10: Behavior of the general Mott-Schottky 1/C?, at high doping conditions in two
limits: (a) close to the flatband potential where (V,,,—V ) < A? holds and (b) far from
the flatband potential where A? < V,,,—Vy, applies. The green dashed lines represent
the curves generated in the two limiting cases, using Eq. and Eq. for (a) and
(b), respectively. The purple lines represent the behavior of the usual linear Mott-Schottky
analysis generated with the same parameters used in the high-doping correction.

frequently in the experimental data 2237281 However other effects may be playing a role
in the experiments. The present equations can be tested in precise experiments to check
whether they describe the high-doping regime. We derived expressions for the width of
the space charge layer L. in the high-doping regime, based on the capacitances obtained
before. This can be done as equation is obtained in the literature*® In the general

expression for the high-doping regime, L. can be expressed as:

264060 A2
Lo =/ 6ND0 (5 + (Ve = Vi) (3.15)
A kT 1
~ A+ AV~ Vi) - )h, (3.16)

And near the flatband potential, it is given by
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e [(Vipp — Vin)?  kpT]?
Loz =1/ _ . 1
sc3 €ND |: A2 e (3 7)

3.5 Behavior at dark and illuminated conditions

The onset potentials in the dark and under illumination as a function of the doping density
are depicted in Figure [3.11] The onset potential in the dark is quite constant despite the
differences in doping density, the nature of the dopant and the width of the space charge
layer. On the other hand, the onset potential under illumination varies over a broader range
of applied voltages. It is remarkable that the values V.t in the dark are weakly affected,
given the variety of space charge layer widths and applied potentials we considered in our
calculations. From this behavior, we infer that in the dark the overpotential-determining
phenomena are independent from the width of the space charge layer L,. and the band
bending ¢.. This indicates that the surface reactions at the immediate surface of hematite
limit largely the OER. Not even large changes in oxygen vacancy concentration performed

in experiments affected the J-V curves much.%®

The onset potential under illumination showed to be more sensitive to many parameters:
pH, light intensity and morphology of the samples. Some authors suggest that doping
improves slightly the Vs, as it is shown by the scattered data in Figure [3.11 The
lowest Vonset, we found in literature, correspond to Sn-doped films annealed at 800°C ™
Similar values for V. were reported for hematite films annealed at the same temperature,
but with different morphologies and microstructures. =% The deposition of overlayers
on hematite and the use of catalysts also allowed to shift Vs cathodically2®CS0%H (hy
shifting cathodically we mean to shift V. in a negative direction). A strong correlation

between Vot and surface states has been extensively reported in literature 22270870

Some authors suggest that surface states act as electron-hole recombination centers
at the hematite surface*® which has driven much effort to passivate them 2% However
they might play as well a second role as mediators of the hole transfer at the OER under

illuminated conditions, instead of the valence band* In fact, some authors claim they
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Figure 3.11:  Applied potential reported in experiments vs Vrygr as a function of the
doping density. The black and white dots correspond to the onset potential of the oxygen
evolution reaction.

were able to identify these two varieties of surface states in thin hematite films annealed
at 500°C and 800°C/%Y by means of cyclic voltametry measurements. They passivated
the problematic surface states by annealing the hematite films at 800°C, and they claim
that the remaining ones correspond to mediators of the OER.%® The deleterious surface
states are supposed to affect the electron-hole separation because they restrict the band
bending?® The latter happens because they possess energies below the flatband potential

and pin the Fermi level 2°

The remaining “good” surface states at high temperatures can
explain the high surface state capacitances measured by Shinde et al”™ who used samples

annealed at 800° C.
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Chapter 4

DFT calculations in undoped

hematite slabs

We showed in the previous chapter that the space charge layer in hematite can reach
widths smaller than 1 nanometer at high but realistic doping concentrations. Recently,
these thin space charge layers have been detected in highly doped and nanostructured

8 This regime also seems to be connected to high photocurrents in

hematite samples.?
photoelectrochemical water splitting experiments2%28 Space charge layers of such a small

size are accessible to direct simulation by ab-initio methods.

In this chapter we show a series of calculations for hematite slabs, based on density
functional theory. We analyzed how the band bending develops as we add, one by one,
elements of the interface to the models. The atomistic models we used to study the space
charge layer in undoped systems are depicted in Figure [f.1] First we started with the
stoichiometric termination of the (0001) a-hematite surface (Fig. (a)), which is the
most stable termination of this material in a wide range of oxygen potentials according
to ab-initio thermodynamics®*°% then we added one hydroxyl group on each side of the
slabs(Fig. (b)), while keeping the neutrality of the surface; we also added two additional
electrons to the latter (Fig. (c)) in order to charge the OH groups. We will show in the
next chapter the results obtained by doping the slabs with Ti by substitution of Fe atoms.
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(a) (b) (c)

Figure 4.1: Atomistic models used to study the space charge layer in undoped systems.
The slab in (a) corresponds to the stoichiometric termination of the (0001) a-hematite
surface, (b) corresponds to the latter slab with one additional hydroxyl group on each side
(keeping the neutrality of the surface) and (c) illustrates the addition of two extra electrons
to the slab in (b). In this case, the slabs consist of 5-bilayers of FesOj

Here, we focused on the development of the band bending in the semiconductor. We
disregarded completely any description of the liquid part of the electrochemical interface in
the simulations. The description of the electrolyte implies the addition of ions and water
molecules: i.e. the formation of a double layer of charges on both sides of the interface.
As a consequence, extra electrostatic terms might arise from the liquid region. In the
case of the simulations with adsorbed OH groups, the electrostatic potentials generated by
these species (which decay as 1/r) might screen the potential arising from the liquid. It
is important to keep in mind that the description of the full interface is out of reach for
anyone at the moment. For example, Ulman et al32 used a minimalistic model for the
solid region to get a more detailed description of the electrolyte (water molecules and ions)
using ab initio molecular dynamics (AIMD) calculations. Moreover, it is also impossible
to simulate the system under the conditions used in experiments. In this case, electric

fields arising from external applied biases should be taken into account. Other important

60



aspect to consider is the liquid nature of the electrolyte. Since this is not an static system,
different configurations of the liquid should be sampled. This is already done using AIMD

calculations, however it requires orders of magnitude of simulation time.

4.1 Band bending

We reported the local top of the valence band for each oxygen atom layer in the hematite
slabs in Figures [4.2] and [4.4, We chose the top of the valence band as the energy at
which the PDOS of the O-2p states was dropped to 0.001 a.u.; we also reported the energies
obtained with thresholds of 0.005, 0.001 and 0.01. We computed the band bending on each
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Figure 4.2: Top of the valence band with respect to the Fermi level vs. the positions
of the oxygen atoms for the pristine FeOzFe slabs with (a) 5-bilayers, (b) 7-bilayers, (c)
9-bilayers and (d) 11-bilayers. The band bending saturation starts to become visible in the
7-bilayered system.
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Figure 4.3: Top of the valence band with respect to the Fermi level vs. the positions of the
oxygen atoms for adsorbed-OH slabs with a) 5-bilayers, b) 7-bilayers, ¢) 9-bilayers and d)
11-bilayers. The band bending saturation is visible in the bigger slab.

case, as the difference between the maximum and minimum of each curve in Figures |4.2]
and [£.4] The band bending is usually introduced as a monotonous function, however
its actual description is an open question. In this case it is the difference between the local
top of the valence band energy in the center of the slab and at the surface. We want to

emphasize that this is not always the case, as we will see in chapter 5.

Figure shows the band bending (BB) for the (a) pristine surface, for the surface
with (b) adsorbed OH groups and for the surface with (c) adsorbed OH groups and two
additional electrons. It is around ~ 0.14 eV for the pristine surface and ~ 0.49 eV for the
surface with OH groups. The band bending reached saturation for the pristine and neutral
slabs with the adsorbed OH, as suggested in Figure 4.5l In the charged slabs with the
OH groups, the band bending reaches a value of ~ 1 eV for the 11-bilayered surface, but
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Figure 4.4: Top of the valence band with respect to the Fermi level vs. the positions of
the oxygen atoms for OH slabs with two additional electrons made of a) 5-bilayers, b) 7-
bilayers and d) 9-bilayers. The band bending saturation saturation has not been achieved
even in larger slab.

we did not observed any trace of saturation up to this slab thickness. In general, the band
bending strongly depends on the threshold, see Figure (a) and (b) for the slabs with
small number of bilayers and for all the slab sizes in (c¢). Despite the choice of threshold is
arbitrary, the arbitrariness in the procedure is overcome when the band bending converges
with slab thickness. We observed that the band bending is independent of the choice
of threshold whenever saturation has been achieved. The bands are basically flat in the
center of the slabs, when they are thick enough to show convergence of the band bending
with the slab thickness, see Figures and 4.4, We considered the model is large
enough to describe the depletion region when this happens. We observed this behavior in
the 7-bilayered slab for the pristine surface and in the 11-bilayered slab with the adsorbed
OH groups, see Figures (b) and (d). The slabs with charged OH groups have not
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Figure 4.5: The bending of the top of the valence band as a function of the slab size for
the (a) pristine surface, for the surface with (b) adsorbed OH groups and for the surface
with (c¢) adsorbed OH groups and two additional electrons. At some points in the graph,
small jumps are visible. They are due to atoms with the same z coordinate having slightly
different values of the displayed quantities.

developed any flat structure up to the 11-bilayered slab. This might be a signature that
more bilayers are needed to reach convergence of of the band bending with the slab size.
Clearly, the charged systems are not converged with respect to the slab size and the fact
that a compensating charge is needed in the vacuum to keep the charge-neutrality in the
system also complicates the calculations. However, the DFT calculations themselves are
converged. We added the two extra electrons aiming to charge the OH group on each side
of the slabs, as we will see below. Therefore we will use the results of the charged slabs in

this chapter, to check the effect of the extra charge on the system.
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Figure 4.6: Energy of the localized Fe-3s orbitals along the doped slabs with different sizes.
Two states with different energy levels were found on each Fe atom for the (a) pristine-
doped slab and (b) the slabs with one OH group attached to each side. The low energy state
(solid lines) and high energy state (dashed lines) corresponded to two different eigenvalues.
The flatness developed on the center of the slabs as the size of the slabs increase, might be
a signal of saturation in the case of the uncharged slabs.

65



We analyzed the behavior of deeper states, namely the Fe-3s states, to confirm the
electrostatic nature of the shifts of the bands in proximity of the surface. We extracted the
energy from these states using the projections of the wavefunctions into molecular orbitals.
We filtered the wavefunctions displaying Fe-3s states with coefficients greater than 0.9, in
order to find localized states. We found two different states with different energies for each
Fe atom, which due to their localized nature, correspond to different eigenvalues in the
band structure. We plotted the two states we found as a function of the position of the Fe
atoms in Fig. for the (a) (b) pristine slab, (c¢) (d) the slab with adsorbed OH-groups
and (e) (f) the slab with adsorbed OH-groups and two additional charges. The solid lines in
figure represent the states with lower energy and the dashed lines represent the states
with higher energy. In the uncharged slabs, we observed that the energies of the Fe-3s
states converge in the center of the slabs as the number of bilayers increases. The latter
gives rise to a flat region in the inner part of the slabs, that might indicate convergence of
the band bending.

Due to the irregularity of the shapes displayed in Figure [£.6] we calculated the band
bending (BB) as the difference between the maximum point and minimum on each plot.
The trends followed by the band bending of the Fe-3s states as a function of the slab size
can be found in figure 4.7}, for the (a) pristine, (b) OH-adsorbed and (c) charged-OH slabs.
Figure (a) and (b) suggests that the bending of the energy bands from the Fe-3s states
has reached saturation in the uncharged cases. Which confirms the convergence of the
calculations, as observed using the O-2p orbitals . We also observed in (e)(f) and
(c) that there is no signature of saturation in the case of the charged slabs with adsorbed
OH groups, as already seen using the O-2p orbitals. From the latter results, we got a
qualitative insight of the electrostatics using the energy of the Fe-3s orbitals. However,
we would like to point out that we cannot make a quantitative connection between the
results in this section and classical expression for the width of the space charge layer (Eq.
. Neither with the results obtained from the analysis done with the O-2p nor from
the one done with the Fe-3s orbitals. The reason for this is that the slabs we analyzed
here are undoped, and we did not consider other sources of doping like oxygen vacancies.

The band bending developed in these cases is intrinsic to hematite, therefore its origin is
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Figure 4.7: Trends in the band bending of the Fe-3s orbitals energy bands as a function
of the size. The band bending on each case was computed as the difference between the
highest and lowest points in the plots in Fig. The band bending of Fe-3s orbitals
shows convergence in the case of the uncharged slabs.

purely quantum mechanical. As we will show in the next chapter, we found a connection

between the DFT data obtained from the doped systems to the analytical expression in

Eq. [2.11]

4.2 Atomic and electronic structure of the space charge

layer

As we showed in the previous section, the band bending increased as we added the OH
group to the stoichiometric slab and then with the additional charge. The former agrees

with chemical intuition because the OH-groups tend to attract negative charge towards
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7-bilayers, slabs with OH groups
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Figure 4.8: Percentage of Lowdin charges transferred to every atom in the slab with OH
groups by the addition of two extra electrons. This calculation corresponds to the 7-
bilayered slabs with OH termination. The position of the atoms in the slabs are represented
by geometrical figures. The red circles correspond to the Fe atoms, the blue triangles to
the oxygen atoms in hematite, the green squares to the H atoms from the OH groups and
the yellow triangles to the O atoms from the OH groups. It can be seen that the greatest
percentage of charge is received by the O atom from the OH group.

the surface. In our model, the surface density of one adsorbed OH group corresponds to
4.4 OH/nm?. When charges are added to the slab, the accumulated charge at the surface
leads to an increase in the band bending. The Lowdin pseudo-atomic charges confirm the
trend. The charge of the additional electrons goes mainly to the OH groups, although
also atoms inside the slab receive a tiny part of it (Figure . The additional electrons

correspond to a surface charge of 0.7 C/m?.

The additional charge on the hydroxyl group is also reflected in a clear change of
geometric and electronic configuration of the hydroxyl group: in the neutral system, the
angle /Fe-O-H is ~ 120°, which is representative of sp? hybridization; in the charged
system, this angle changes to 104.7°-107.8°, very similar to the 109.5° of tetrahedral sp3-
hybridized systems, and to 104.5° in water. The geometry of the surface does not change
significantly with slab thickness in the neutral system (Tab. . This fact is useful for
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Relaxed slabs
5 bilayers 7 bilayers 11 bilayers
Uncharged-OH slabs

Fe-O (A) 1.83 1.83 1.83
O-H (A) 0.98 0.98 0.98
/Fe-O-H 119.3° 119.5° 119.9°
Charged-OH slabs

Fe-O (A) 1.94 1.93 1.91
O-H (A) 0.98 0.98 0.98
/Fe-O-H 104.8° 106.2° 107.2°

Table 4.1: Length of the O-H and Fe-O bonds and the angle Z/Fe-O-H for the uncharged-
OH slabs and charged-OH slabs.

future calculations, since one can relax a small slab and use the same molecule orientation
before relaxing larger systems. On the contrary, in the charged system, Lowdin charges and
geometry of the surface continue to change with slab thickness, as a further confirmation
that the charged system is not yet converged at the considered thicknesses. In that case,

clearly the space charge layer extends beyond the sizes considered here.

The PDOS of the 7-bilayered slabs can be seen in Figure [£.9, The projected density of
states (PDOS) of the pristine slabs and the neutral slabs with adsorbed OH groups do not
show considerable changes as the number of bilayers in the slab increases. However, this is
not the case for the charged slabs, where the gap decreases as the slab thickness increases,
see Figure (a) and (b). The band gap decreases in the three systems in comparison to
the one of bulk hematite. This could be explained because of the emergence of empty states
at the top of the valence band, see Figure (a), (b) and (c). In the case of the charged
slabs (Fig. 4.10[(a) and (b)), the gap also decreases due to the shift of the conduction band
towards the gap. The empty states in the valence band from the pristine slab correspond to
surfaces states; Ulman et al. identified them in previous DFT calculations and passivated
them with GayO3 overlayers™ We also observed the same states in our calculations and we
identified analogous surface states in the slabs with adsorbed OH groups (both neutral and
charged). In addition to that, we detected surface states in the bottom of the conduction

band in the three systems. Some peaks appear in the bandgap upon charge addition in
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Figure 4.9: Projected density of states of a) pristine, b) uncharged OH and c¢) charged OH
hematite slabs with 7 bilayers. The PDOS plotted for the different orbitals were multiplied
by a factor of 1.4 to make them more visible. The density of states is adjusted to correspond
to half of the atoms from the same side of the slab.
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Figure 4.10: Density of states of charged OH hematite slabs. a) 7-bilayered slab and b)
11-bilayered slab. Here we multiplied the pdos for the different orbitals by 2. The total

density of states is adjusted to correspond to half of the atoms from the same side of the
slab.
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the systems with attached OH molecules, see Figure (b). These small peaks are mainly
due to the s orbitals from the H atoms from the OH group and the 4p states from the top
iron atoms. In the charged-OH slabs, the band gap gets reduced as the number of bilayers
increases (Figure [4.10)).

We plotted the band structure for the three systems in the I' = M — K —T direction, see
figure [4.11] The pristine surface has some empty states at the top of the valence band, as
shown by the PDOS; and it also presents a dispersive state around the K point, see Figure

4.11] (a). We checked the projections of these states into molecular orbitals and confirmed
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Figure 4.11: Band structure of the 7-bilayered a) pristine, b) uncharged OH and ¢) charged
OH hematite slab.

that these empty states consist on surface states which are delocalized on the surface.
These states consist mostly of p-orbitals from the oxygen atoms located in the first two
bilayers of the slab and of a small contribution from d-orbitals from the iron atoms from

the upper bilayer. When we added the OH groups to the pristine slab, the band that was
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previously the valence band shifts and becomes completely empty, see Figure |4.11(b). The
latter happens because the slab donated electrons to the OH groups. The contribution
from Fe-3d orbitals increases in the surface states, though the one from O-2p orbitals is
still dominant. Upon addition of electrons, the single band mentioned before goes back to
the original situation of having an empty pocket around the point K with surface states
composed by superficial O-2p orbitals, see Figure u(c) In addition to this, there is a
massive change in the electronic structure in the slab with additional electrons: some bands
appear across the band gap and some of these states are even occupied. We found out that
these states are delocalized in the vacuum. However this effect cannot be attributed to a
realistic physical phenomenon because it is caused by the background of positive charges

used by Quantum Espresso to perform the calculations for the charged slab.

Figure shows the probability density of some representative states from the valence
band and conduction band at the K point (k¥ = (1/3,1/3,0)) for the (a) pristine slab, (b)
the slab with adsorbed OH groups (c) and the slab with the OH groups and two additional
electrons, all in the slabs with 7-bilayers. We depicted the surface states around the top of
the valence band with blue lines and the bulk states in the conduction band with golden
lines, see Figure [£.12] In order to identify the surface states, we integrated the probability
density of the states from 5 Angstroms of vacuum above the surface to the position of the
second Fe atom in the slab and then we normalized it with the complete integral along the
slab (including the 5 Angstrom of vacuum on each side). Then we filtered the states by
setting a threshold of 0.5 for the minimum weight the states can have close to the surface,
i.e. the states with weights greater than 0.5 were considered surface states. As a further

control, we checked the shape of the states to reject surface resonances.

We observed that in the three cases, the nature of the states and their position in the
valence and conduction band, reflected the band bending picture. We confirmed that the
empty states in top of the valence band indeed correspond to surface states, see Vg SS in
figure [1.12] We also noticed that states with bulk character start to appear as one moves
away from the valence band, see HOMO and below HOMO in Figure We detected
bulk states and surface resonances close to the bottom of the conduction band (Cp BS

and Cp SR) and we identified surface states at higher energies deep into the band (Cp

72



K point, pristine slab K point, OH group
0.007

‘ \ ; 0.007 T gehuromb — !
0.006 - oce — ] 0.006 |- | NS — i
0.005 - o — . 0.005 ]
~ 0.004 | 1 o 0004 1
= 0.003 | 1 = 0003 1
0.002 |- . 0.002 - ]
0.001 | 7 0.001 - ]
0 i I 0 ‘
0O 5 10 15 20 25 0 25
(a) z-direction slab (A) (b) z-direction slab (A)
K point, charged OH
0.007 i ' Belol HOMO™— i
0.006 [ HOMO — b
| Vg SS — -
0.005 i CaBs i
~_ 0.004 [ ! |
=2 0.003 | | !
0.002 [ |
0.001 |
O e
0 5 10
(c) z-direction slab (A)

Figure 4.12: Probability density of representative states from the valence and conduction
band at the K point in the 7-bilayered (a) pristine slab, (b) the slab with adsorbed-OH and
(c) adsorbed-OH with two additional electrons at the K point. These states are degenerate
and therefore have a symmetric counterpart on the other side of the slab. In this case we
plotted the spin up states. HOMO represents the highest occupied state in the valence
band, we also plotted some states deeper in the valence band and denoted them as Below
HOMO. We identified surface states in the top of the valence band Vg SS and a few eV
deep into the conduction band Cp SS. The surface resonances and bulk states at/close to
the bottom of the conduction band are denoted by Cz SR and Cg BS. The dashed and
dotted vertical lines represent the position of the hydrogen atoms and the top iron atoms
in the slabs. The weight of the surface states close to the top of the valence band depicted
in (a), (b) and (c) are 0.51, 0.54 and 0.57 respectively. The weight of the surface state
found in the conduction band Cp SS in the (a) pristine surface is 0.89 and was found at
0.3 eV deep in the conduction band; in (b) the slab with attached OH groups the weight
of the Cp SS is 0.6 and it was found at 1.2 eV deep in the conduction band; (c) In the
charged-OH slab the weight of the state is 0.94 and it was found at 1.4 eV deep in the
conduction band.
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SS). Our observations suggest that the deepness of the energies of the surface states in the
conduction band might be correlated to the relative band bending shown by the different
slabs. In the K, the surface states in the conduction band Cp SS were found at energies
of ~0.3 eV, ~12¢eV and ~ 1.4 eV deep in the conduction band in the pristine slab, the
neutral slabs with attached OH and the charged slab with the OH group respectively, see
Figure[4.12] (a), (b) and (c). We used the orbital projections from the states to track more
surface states in the 7-bilayered slabs. We filtered the wavefunctions with atomic states
close to the surface that were multiplied by high Fourier coefficients (~0.7). In table ,
we report the depth at which we found these states in the conduction band and the weight

of their probability density close to the surface, whenever the data was available.

7 bilayers 11 bilayers
CB depth (eV) weight CB depth (eV) weight

Pristine 0.25 0.92 0.29 0.89
0.40 —— 0.40 0.93

0.44 0.94

OH 0.35 0.50 0.39 0.51
Charged OH 0.87 —— 1.50 ——
1.2 0.60 1.65 ——

Table 4.2: Surface states from the conduction band Cg SS in the three systems we modeled.
We report the deepness at which the surface states were found in the conduction band and
the weight of the probability density in the vicinity of the surface (up to the position of
the second Fe atom). In this table we report the analysis in slabs with 7 bilayers and 11
bilayers. Every row in the table correspond to a surface state e.g., we found three surface
states in the pristine slab with 11 bilayers. In this analysis we used the projections from
the wavefunction into atomic orbitals to identify the states, therefore we did not have data
to compute the weight in all cases: two dashes appear when the latter occurs.

We performed the same analysis in the 11-bilayered slabs to check the robustness of
the latter analysis (using slabs not convered with slab thickness), see Table . In general,

we found surface states with the same nature in all cases. The surface states found in the
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pristine and the adsorbed OH slabs are located practically at the same deepness in the
conduction band for both slab sizes, while this is not the case for the charged slabs. The
latter might be a consequence of the lack of convergence in this system. However, we find
remarkable that in the charged slabs the depth of the states in the conduction band seems
to be correlated with the band bending displayed at different slab sizes (the band bending
is larger in the 11-bilayered slab than in the 7-bilayered). In the 11-bilayered slabs, we
were also able to identify the band bending picture we observed in the smaller 7-bilayered
system: we found surface states at the top of the valence band and we found bulk states
at the bottom of the conduction band. Therefore, the band bending picture represented
by the states plotted in figure agree qualitatively with the three different systems in
the 11-bilayered case. These calculations provide information on the electronic structure,
independently of the lack of convergence of the band bending with slab size. As we observed
in the analysis using the system with 11-bilayers, we obtained the same qualitative picture
and similar quantitative results as in the smaller slabs, see Table [4.2] This is supported by
the fact that the localized states in the surface are clearly constant independently of the

slab size. As it was mentioned before, the DFT calculations are converged in all the cases.

4.3 Potential across the slabs and work function

Figure shows the planar and macroscopic averages of the potential across the slabs for
the 11-bilayered slabs. The addition of the OH group and the subsequent addition of the
charges are evidenced in the change of the potential around the surface compared to the
potential of the pristine surface, see Figure [4.13|(a), (b) and (c). Apart from changes of the
potential close to the surface, the addition of the two electrons also changes significantly
the behavior of the potential in the vacuum, which is constant in the neutral slabs but

shows variations in the charged case.

We computed the work function W for the three slabs in all the sizes, see Table [4.3]
We noticed that the work function converges when the band bending reaches saturation,
as it can be seen for the values of the uncharged OH and pristine slabs (Tab. [£.3). The
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Figure 4.13: Planar and macroscopic averages of the potential across the 11-bilayered
hematite slabs. The resulting potential across the pristine slab, the slab with an adsorbed
OH molecule (OH Group), and the slab with the OH molecule plus two additional charges
(charged OH), can be seen in figure (a), (b) and (c) respectively.

trends in the values of W agree with the physical intuition as the OH groups and the
electrons are added to the slabs. When the OH group is added, it attracts electrons to
the surface and lowers their energy in the solid. All this makes more difficult to extract
electrons from the surface and therefore the work function increases. When the system is
charged by adding electrons, their energy in the solid increases and it is easier to extract
them: the work function decreases. Kraushofer et. al measured the work function of the
stoichiometric surface using X-ray photoelectron spectroscopy (XPS)™ They reported a
value of 5.7 + 0.2 eV, which differs from our DFT result by 8%. We did not find values
for the other terminations, but it has to be taken into account that the electrochemical

environment might difficult the measurement of the work function.
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Slab size(bilayers) Eracuum (V) Epermi (V) W (eV)

Pristine

5 5.63 0.49 5.15
7 6.86 1.68 5.18
11 8.56 3.36 5.20
Adsorbed OH group

5 6.54 -0.39 6.93
7 7.89 0.96 6.93
11 9.73 2.80 6.93
Charged OH

5 3.95 2.04 1.91
7 4.91 3.10 1.81
11 6.30 4.71 1.59

Table 4.3: Work function calculated at different slab sizes for the undoped systems. The
Work function W was calculated as the difference between the energy in the middle of
the vacuum E,qeyum and the Epe.,; energy. Both quantities were obtained from the DFT
calculations. The energy FE,qcuum Was extracted from the macroscopic average of the po-
tential distribution in the middle of the vacuum e.g., in the case of the 11-bilayered slabs
the Eucuum values were extracted from figure 4.13

We will show the influence of doping in the band bending and the electronic structure
on the (0001) slab in the next chapter.
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Chapter 5

DFT calculations in doped hematite

slabs

As we discussed before, high doping leads to ultrathin space charge layers. However in
the context of water splitting using hematite photoanodes, this regime is rarely explored
in experiments and in theoretical calculations. In this chapter, we used density functional
theory to show the effect of high doping on the behavior of the band bending and the elec-
tronic structure in the atomistic models we proposed for the (0001) hematite stoichiometric
surface. We also show that the DFT calculations obtained in this work agree quantitatively

and qualitatively with the band bending picture offered by the classical analysis.

We doped the systems described in the previous chapter with titanium atoms, which
provide electrons to the slabs. We substituted on each slab, two Fe atoms located in the
third position in the direction from the top of the surface to the bulk. The structure of
the slabs we used in our DFT simulations are depicted in Figure [£.I, The donor density
varies with slab size, since the number of doping atoms is constant and the volume of the
slab increases as we added more bilayers of hematite. Despite of that, we still managed
to obtain slabs with considerably high donor densities. The addition of the two Ti atoms
represents donor densities of 2.5x10%" em™3, 1.8x10%! ecm ™3, 1.4x10%! cm ™2 and 1.15x10%!

cm ™3 for the slabs with 5, 7, 9 and 11 bilayers respectively.
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(a) (b) (c)

Figure 5.1: Atomistic models used to study the space charge layer in doped systems. The
slab in (a) corresponds to the stoichiometric termination of the (0001) a-hematite surface
doped with Ti, (b) corresponds to the latter slab with one additional hydroxyl group on
each side (keeping the neutrality of the surface) and (c) illustrates the addition of two extra
electrons to the slab in (b). In this case, the slabs consist of 5-bilayers of Fey,O3

5.1 Band bending

We determined the top of the valence band for the different slabs as we did in the previous
chapter, using the projected density of states of the O-2p orbitals and setting the same
thresholds. Figures[5.2] and show the local top of the valence band as a function of
the positions of the oxygen atoms for the doped pristine slab, the slab with the adsorbed
OH groups and the slab with the OH groups and two additional electrons, respectively.
In the three figures we mentioned before, we show how the local top of the valence band
behaves as we added additional bilayers of hematite to each system. The vertical dashed
lines on each case show the position of the doping Ti atoms in the slabs. In general, we
observed that in the doped case the structures developed by the valence band along the
slabs did not follow a unitary trend in shape. Due to this irregularity, we decided to set the
band bending as the difference between the maximum and minimum points in Figures 5.2}
and[5.4] This definition of the band bending can be problematic, since in some cases the
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Figure 5.2: Top of the valence band with respect to the Fermi level vs. the positions of
the oxygen atoms for doped stoichiometric slabs composed by a) 5-bilayers, b) 9-bilayers,
c¢) 11-bilayers and d) 13-bilayers. As in the undoped case, the top of the valence band was
measured using the O-2p orbitals. The dashed lines represent the positions of the Ti atoms
used to doped the slabs.

minimum value of the energy is located at the surface. However, the actual quantity might
be quite different. As commented in the last chapter, the band bending is ill-defined. It
depends on many factors, including the position of the dopants, as it was shown by Yang et
al® in their study of Shottky barrier formation. A detail description of the band bending
is out of the scope of this thesis, since it is a different research direction. However, we will
keep the definition previously proposed to give the first steps towards the understanding
of the band bending.

We plotted the trends developed by the band bending as the number of bilayers in-
creased, in Figure Despite the variety of shapes developed by the structures in Figures
, and , the trends in Figure (b) suggest that the band bending in the neutral
Ti-doped hydroxylated and the Ti-doped pristine systems converged. On the other hand,
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Figure 5.3: Top of the valence band with respect to the Fermi level vs. the positions of
the oxygen atoms for doped stoichiometric slabs with additional OH groups composed by
a) b-bilayers, b) 7-bilayers, c) 9-bilayers and d) 11-bilayers. As in the undoped case, the
top of the valence band was measured using the O-2p orbitals.

the charged slab with the adsorbed OH showed to be more problematic. In the latter
case, convergence has not been reached using 11-bilayers, which might arise due to the

complication of calculations in the presence of macroscopic electric fields.

The 11-bilayered slabs in the pristine case and in the case with adsorbed OH groups
showed convergence in the band bending. The converged band bendings are ~ 0.07 eV
and ~ 0.01 eV, respectively. These band bendings are one order of magnitude smaller
than ones developed by the undoped slabs. Qualitatively, this makes sense in the band
bending picture, since the additional electrons provided by the Ti atoms screen better the
potential. We decided to connect the DFT results to the equation for the width of the
space charge layer Ly, (Eq. [2.11)), using the results from the converged slabs. In order to
compute L., we set the converged band bendings as the drop in the space charge layer

¢se, and used the donor density we estimated for the 11-bilayered slabs. We found space
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Figure 5.4: Top of the valence band with respect to the Fermi level vs. the positions of the
oxygen atoms for doped stoichiometric slabs with additional OH groups and two additional
electrons composed by a) 5-bilayers, b) 7-bilayers, c¢) 9-bilayers and d) 11-bilayers. As in
the undoped case, the top of the valence band was measured using the O-2p orbitals.

charge layer widths of ~ 6 A and ~ 3 A for the doped pristine slab and for the doped
slab with adsorbed OH groups, respectively. The ~ 6 A we found for the pristine slab is
visible in the space charge structure developed in Figure (c) and (d), which displayed
L. between 5 A and 6 A. We could not observe the same in the case of the slab with the
OH group, because in this case the calculated L. is too small and it is probably lost in the
noise observed in Figure (d). As we mentioned in the previous chapter, we were able
to find a quantitative and qualitative correspondence between the results from our DFT
calculations and the continuous model we used in this work. It is important to keep in
mind that this connection was possible because these slabs are doped and because we are
using the band bending from the valence band as the potential drop in the space charge

layer.
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Figure 5.5: The bending of the top of the valence band as a function of the slab size for
the doped (a) pristine, (b) OH-adsorbed hematite slabs and (¢) OH-adsorbed with two
additional electrons hematite slabs. The band bending on each case was computed as the
difference between the highest and lowest points in Figures[5.2] and At some points
in the graph, small jumps are visible. They are due to atoms with the same z coordinate
having slightly different values of the displayed quantities.

We also checked the effect of high doping on the core Fe-3s orbitals. We selected the
energies corresponding to the localized Fe-3s orbitals, and as in the previous chapter, we
found two states for every Fe atom. Figure [5.6] shows these energies as a function of
the positions of the iron atoms: (a) (b) pristine, (¢) (d) adsorbed OH groups and (e) (f)
charged slab with OH groups. We defined the band bending as the difference between the
maximum and minimum of the Fe-3s energies for each slab. Figure shows the band
bending as a function of the slab size for the (a) doped pristine slab, (b) the slab with the
adsorbed OH-groups and the one with the (c¢) adsorbed OH and two additional electrons.
The latter result suggest that the band bending converged for the Ti-doped pristine slab
and for the Ti-doped slab with adsorbed OH groups, see (a) and (b), respectively.
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Figure 5.6: Bending of the energy bands of the localized Fe-3s orbitals along the doped
slabs with different sizes. Two states with different energy levels were found on each Fe
atom for the (a) pristine-doped slab and (b) the slabs with one OH group attached to each
side. The low energy state (solid lines) and high energy state (dashed lines) corresponded
to two different eigenvalues. The flatness developed on the center of the slabs as the size

of the slabs increase, might be a signal of saturation.
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Figure 5.7: Trends in the bending of the Fe-3s orbitals energy bands along the doped slabs.
The band bending on each case was computed as the difference between the highest and
lowest points in the plots Fig. [5.6,

The flatness developed by the Fe-3s energy bands in the middle of the slabs might be
a signature of the convergence of the slabs, see (a), (b), (¢) and (d). In these cases,
it is possible to see space charge layer-like structures in the Ti-doped pristine slab and in
the Ti-doped slab with adsorbed OH groups. If we assume that L,. can be measured from
the surface to the minima in Figure , it takes values of ~ 5 A in the pristine case and
~ 4 A in the neutral OH case. Which agree qualitatively with the picture obtained using
the O-2p orbitals and the continuous equations, where Ly, took values of ~ 6 A and ~ 3
A respectively. We want to clarify that in this case, it is not possible to make a quantitative
connection with Eq. [2.11] since in this analysis we are dealing with core states and not
with states from the valence band. We did not do the same analysis in the charged OH
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Figure 5.8: Top of the valence band with respect to the Fermi level vs. the positions of
the oxygen atoms for the 5-bilayered doped stoichiometric slab with additional OH groups
and expanded in-plane lattice constant. The lattice constant was expanded 0.4205% with
respect to the one of pure hematite according to the experimental values reported for
hematite and ilmenite. As in the previous cases, the top of the valence band was measured
using the O-2p orbitals. The band bending takes values of 0.02 eV, 0.022 eV and 0.023
eV for the 0.001 a.u., 0.005 a.u and 0.01 a.u. thresholds respectively. These values are
practically the same as the one reported for the fully relaxed structure previously reported.

slab, since this calculation is not converged and the space-charge structure is not clear
here, see Figure [5.6(e) and (f). In the three systems the Fe-3s bands bent in a greater
extent than the valence band (calculated from the PDOS of the O-2p orbital states). We
did not find any kind of quantitative correlation between both quantities. Qualitatively,
the larger the BB of the valence band, the larger the BB of the Fe-3s energy band.

We used the in-plane lattice constant from bulk hematite to model the slabs in the
Ti-doped systems. Experimentally, it has been observed that high levels of doping with Ti
lead to the expansion of the lattice constant. For example, the lattice constant expands 1%
in isostructural ilmenite (which contains 50% Ti) with respect to hematite. We tested the
effect of the expansion of the lattice constant in the band bending to show the robustness
of our calculations. In this case, we performed the test in the 5-bilayered doped slab

with adsorbed OH groups. The 5-bilayered slabs have the largest doping density in our

87



calculations, which corresponds to 20% Ti. We made a slab with an expanded in-plane
lattice constant, while keeping the z-directions positions obtained in the relaxation of the
original 5-bilayered cell. We expanded the lattice constant 0.4205% with respect to the one
of pure hematite according to the experimental values reported for hematite and ilmenite.
Figure shows the local top of the valence band as a function of the oxygen atoms
positions in the slab. As we did before, we computed the band bending. In this case, we
obtained practically the same results as in the system without the expansion of the cell,
see Figure The latter confirms the little effect of the expansion of the lattice constant

in our conclusions.

5.2 Electronic structure of the space charge layer

Figure shows the projected density of states (PDOS) for the (a) pristine slab, (b) the
slab with the adsorbed OH groups and (c) the slab with the OH groups and two additional
charges. In this figure the PDOS is multiplied by a factor of 2.5 to compare better the
contributions from the atoms close to the surface. We still observe the presence of empty
states at the top of the valence band in the case of the two charge-neutral slabs, see Fig.
(a) and (b). In the doped-pristine slab, we found that the contribution from the O-2p
orbitals states is not longer dominant at the top of the valence band. By doping, the
contribution from the 3-d orbitals from the Fe atoms becomes substantial in this region,
as shown by the blue line in Figure (a). These states were empty in the undoped case
(Fig. (a)) and were filled with the electrons donated by the titanium atoms.
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Figure 5.9: Projected density of states of the (a) pristine, (b) OH-adsorbed and (c¢) OH-
adsorbed with two additional electrons doped hematite slabs with 11-bilayers. The pdos
plotted for the different orbitals were multiplied by a factor of 2.5 to make them more

visible. The density of states is adjusted to correspond to half of the atoms from the same
side of the slab.

In the case of the neutral slab with the OH groups, the O-2p orbitals continue to be
dominant at the top of the valence band as shown by the purple, orange and pink lines in
Figure (b) and (c). In this case we observed that the amount of empty states at the
top of the valence band decreased considerably in comparison with the undoped case, see
Figures|4.9| (b) and |5.9| (b). This situation is reflected in the reduction of the band bending
from 0.14 eV in the undoped case, to 0.01 eV in the doped case. In this case, the empty

states in the undoped case were filled with the electrons provided by the Ti atom.

The main changes we observed in the PDOS of the slabs with adsorbed OH groups by
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Figure 5.10: Nature of the states from the gap in the doped slab with and adsorbed OH
group and two additional charges. This figure corresponds to the 11-bilayered slab plotted
in the Z" direction. The spheres in red represent the iron atoms, the blue represent the
oxygen atoms, the gray represent the titanium atoms and the cyan represents the hydrogen
atoms. The spheres in pink and purple show the iron and oxygen atoms, respectively, which
contribute the most to the state in the gap.

adding two extra electrons are: the complete filling of the valence band and the emergence
of filled states in the middle of the gap. The O-2p states continue to be the dominant
states at the top of the valence band. The states in the gap are mainly constituted by
3d-orbitals from the Iron atoms represented with pink spheres in Figure [5.10[and from the
O-2p states from the oxygen atoms represented by the purple spheres in the same Figure.
Seriani et al. reported similar states appearing in the gap of systems composed by TiO,
surfaces and small copper clusters® where they reported these gap states correspond to

polaronic states.

A polaron forms when a charge carrier moves slowly enough to displace the surrounding
atoms due to their mutual interaction. The latter leads to the formation of a potential

82 They can be

well that lowers the energy of the carrier and fosters its confinement
characterized by the magnetic moment of the atom where they form, the charge of the atom
and the geometric distortion around that atom 3! Since the determination of the effective
charges might be arbitrary, this would complicate the identification of polarons. As a better
indicator of the presence of polarons, Seriani et al ¥ and other authors®¥86 suggest to check
the spin localization, which can be identified by the increase of the magnetic moments. We
observed that the greatest change in magnetic moment, occur in the iron atoms which

contribute to the gap states in Figure (c) and which we previously identified in Figure
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Figure 5.11: Percentage of Lowdin charges transferred to every atom by the addition of
two extra electrons in the doped slab with OH groups. This calculation corresponds to the
11-bilayered slabs. The position of the atoms in the slabs are represented by geometrical
figures. The red circles correspond to the Fe atoms, the purple circles to the doping Ti
atoms, the blue triangles to the oxygen atoms in hematite, the green squares to the H atoms
from the OH groups and the yellow triangles to the O atoms from the OH groups. It can
be seen that the greatest percentage of charge is received by the Fe atoms represented by
the pink spheres in Figure [5.10 The dashed lines show the position of these Fe atoms.

5.10 These Fe atoms also received a substantial part of the charge added to the OH slabs,
as it can be seen in Figure [5.11] According to the Lowdin charges analysis, the Fe atoms
gained +]0.21|e from the two additional electrons added to this slab; while each oxygen
atom from the hydroxyl groups gained +|0.11|e and the rest of the charge is the delocalized
along the slab. We also observed geometric distortions of the atomic configuration around
these Fe atoms, in comparison to the neutral slab with the OH groups. The latter facts

suggest that the state we found in the gap corresponds to a polaron.

It is well known that excess charge carriers form polarons in hematite®S2:87

and in many
other transition-metal oxides®? In the case of hematite, excess electrons tend to localize
in iron atoms, leading to the formation of small polarons. The latter implies the reduction

of Fe3t to Fe?t ¥ DFT+U simulations and quantum mechanical calculations have shown
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that doping hematite leads to the formation of electron polarons on a nearby Fe atom to
the doping atoms, when Fe atoms are substituted by Si, Ge, Zr and Sn/®E8EY In the case
of Ti-doping, some experiments reported that the presence of Ti*t did not lead to the
formation of Fe?*, which mean that polarons do not form just by Ti-doping.©®% The latter
agrees with the calculations from Ref. 89 and our DFT+U calculations for the neutral
Ti-doped slabs, where we did not observed polarons. The addition of the electrons in our
calculations triggered the appearance of polarons. The latter suggest that the addition of
electrons from sources different to Ti-doping might lead to the experimental observation

of polarons in this system.

Despite the calculations of the charged slabs are not converged with slab size, the latter
discussion on polarons is valid since this is a local effect: We observed the same polaron,
located in the same position and the same magnetic and electronic structure, regardless
of the slab size. As we mentioned before, the fact that the calculations are not converged
with slab size does not mean that the DFT calculations are not converged. The same is
true for the smaller slabs of the uncharged systems. As we did in the last chapter, we also
analyzed the nature of the states in the valence band and the conduction band. We were
not able to identify surface states at the top of the valence band in any system, our DFT
calculations did not provide enough resolution to do it. However, we still manage to find
bulk states at the bottom of the conduction band. And also found surface states in the
conduction band in the slabs with the OH groups, in both uncharged and charged cases.
In the neutral slab with the OH group, we found surface states 0.8 eV, 1eV and 1.15 eV
deep into the conduction band. In the case of the charged slab we found surface states
located at depths of 1.1 eV and 1.5 €V in the conduction band.

5.3 Potential distribution and work function
Figure [4.13| shows the planar and macroscopic averages of the potential across the doped

slabs with 11 bilayers in the case of the (a) pristine slab, (b) the slab with the adsorbed OH
groups and the (c¢) the slab with the OH group and the additional charges. The position of
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Figure 5.12: Planar and macroscopic averages of the potential across the 11-bilayered
doped hematite slabs. The resulting potential across the doped slabs: pristine slab, slab
with an adsorbed OH molecule (OH group), and the slab with the OH molecule plus two
additional charges (charged OH), can be seen in figure (a), (b) and (c) respectively.

the doping atoms is represented by the dashed-vertical lines. The position of the plateau
both in the vacuum and in the center of the slab did not change substantially. The latter
is reflected in the calculated work functions, see 5.1l We computed the work functions for
the three systems at different slab sizes. The values converged in the largest slabs for the
pristine slab and the neutral slab with the attached OH. The calculated work functions in
both systems showed a difference of 0.1 eV in comparison with their undoped analogues.
These calculations suggest that doping does not have a major impact on the work functions.
However, it can be seen that in the doped case, the neutral slabs with the attached OH

still show work functions higher than the pristine case (as in the undoped case). The lack
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of convergence of the charged slabs is evident in the work functions calculated for different
slab sizes in table Bl

Slab size Evacuum (6V)  Epermi (V) W (eV)
Pristine-doped

5 5.80 0.38 5.42
11 8.71 3.38 5.32
13 9.29 3.99 5.30
OH group-doped

5 6.56 -0.31 6.87
7 7.88 1.02 6.85
9 8.90 2.04 6.86
11 9.70 2.85 6.86
Charged OH-doped

7 5.44 3.59 1.86
9 6.12 4.34 1.78
11 6.67 5.03 1.64

Table 5.1: Work function calculated at different slab sizes for the doped systems. As in the
previous chapter, the work function W was calculated as the difference between the energy
in the middle of the vacuum FE,qcyum and the Epg.n; energy. The energy FE,qcuumvalues

from the 11-bilayered slabs were extracted from the macroscopic average of the potential
in the middle of the vacuum, see figure [5.12]
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Conclusions

In this work, we studied the space charge layer in hematite photoanodes by means of the
Poisson-Boltzmann equations, the Stern model and density functional theory, due to its
relevance in the photoelectrocatalytic water oxidation. Recently, the presence of ultrathin
space charge layers has been experimentally observed under water splitting conditions,
which occurs at high doping conditions. However this regime is rarely explored. We used
a continuous model based on the Stern model and the Poisson-Boltzmann equations to
explore a series of water-splitting experimental data and to examine the consequences of
the high doping regime on the interface. Finally, we used density functional theory to
get an atomistic insight into the space charge layer in the stoichiometric (0001) hematite

surface. These are the main conclusions we draw from our study:

1. Using the continuous equations, we detected ultrathin space charge layers with thick-
nesses of ~ 10 A in experiments employing highly-doped nanostructured hematite
films. These experiments also displayed a regime of high photoelectrocatalytic ef-
ficiency, which is unexpected given the small size of the space charge layers in the
samples. The substantial volume-fraction of the electrode, occupied by the space
charge layer, plays a role in the efficiency observed in these films. Such thin space

charge layers are in principle accessible to quantum mechanical ab-initio calculations.

2. At high doping densities a substantial fraction of the potential drop is located in the
Helmholtz layer, which according to our calculations can take values between 0.1 V

and 0.6 V. This contrasts with the conventional behavior of the interface, where the
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potential drop in the space charge layer dominates. And which is considered necessary
for the separation and transport of charge carriers under water splitting conditions.
The substantial drop in the Helmholtz layer happens at the same high doping condi-
tions where ultrathin space charge layers develop. This regime might probably give
place to considerable molecular and ionic rearrangements in the Helmholtz layer.
It also leads to modifications to the usual Mott-Schottky relation between the in-
verse of the square capacitance and the applied voltage, which holds in the depletion
approximation. At high doping densities, we showed that the Mott-Schottky rela-
tion becomes quadratic in the applied bias close to the flatband potential. Far from
flatband conditions, the Mott-Schottky relation shows a sub-linear behaviour which

follows from a quadratic correction.

. This kind of analysis should always be done whenever experiments are performed in
semiconductor-electrolyte interfaces. We did this analysis on the hematite-electrolyte
interface under water splitting conditions, but this study can be extended to other
systems e.g., other oxides. Experimentalists should perform this kind of analysis to
get an estimate on the space charge layer width and the potential drops whenever
they characterize their samples with the Mott-Shottky analysis. This should become
a standard way to analyze the experimental data, which could provide insight into
why experiments lead to different outcomes, compare experiments and provide more

insight into the electrostatics.

. We showed Density Functional Theory describes space charge layers at an atomistic
level. We studied the evolution of the space charge layer in models that range from
the pristine stoichiometric surface to the doped hydroxylated surface with additional
electrons. Using DFT, we calculated the band bendings displayed in every surface
and we got an atomistic insight into the electronic structure of the space charge layer
in every case. The band bending showed to be independent of the particular choice
of threshold used to calculate it, once it reaches saturation with the slab thickness.
Band bending convergence was achieved for the pristine slab and for the neutral slab

with two additional OH groups, in both undoped and doped conditions. The band

96



bending did not reach saturation for the surface with adsorbed OH groups and two
additional electrons, in any case. We calculated band bendings of ~0.14 eV for the
undoped pristine surface and ~0.49 eV for the neutral surface with adsorbed OH. The
larger band bending in the OH-terminated surface agrees qualitatively with chemical
intuition, given that the OH group attracts negative charge to the surface. In the
doped case, we found band bendings of ~ 0.07 eV and ~ 0.01 eV for the pristine and
OH-terminated slabs, respectively. The decrease of the band bending with Ti-doping
can be explained by the better screening of the potential provided by the Ti-donated
electrons. The latter band bendings correspond to space charge layer widths of ~6
A and ~3 A, where the first is visible in the larger pristine slab. The DFT results
for the doped slabs showed a qualitative and quantitative correspondence with the
continuous model. The quantitative correspondence just occurs in the doped case
because the band bendings observed in the undoped slabs have an intrinsic origin, and
therefore there is no connection with the continuous model. Despite the limitations
imposed by the minimalistic description of our systems, we managed to gain an
insight of the electronic structure of space charge layers in hematite surfaces. Here
we disregarded the effect of the electrolyte to focus on the development of the space
charge layer in the solid. The simulation of the electrolyte would have implied a large
amount of computational resources. Considering the electrolyte means charging the
surface, therefore one must consider the ions and the water molecules. The non-
static nature of the liquid is another important factor to take into account, given that
many configurations of the system are required in the calculations. The latter can in
principle be achieved using ab initio molecular dynamics calculations. Although the
latter research area is really active, one has to sacrifice either the solid part or the

liquid. The simulation of the full interface is still a challenge.
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Appendix A

Implementation of continuous

equations

Here we show the robustness of the analysis with the continuous equations. We performed
the same analysis using different dielectric constants for hematite and for the different

Helmholtz parameters.

Analysis with ¢ = 57 with the OH termination
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Figure A.1: Calculated drop of the space charge layer L. versus the doping density. The
inset shows a zoom in on the data at high doping densities ~ 10*!cm™3. The white and
black dots represent the data of the onset of the OER under illuminated (1 sun) and dark
conditions. Here we used € = 80 and together with the Helmholtz parameters extracted

from the simulations of the OH termination.
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Figure A.2: Behaviour of the potential drops across the interface of hematite-OH. Figures
(a) and (b) show plots of the ratios ¢ /ds. and ¢/ pse versus the doping density. Figures
(c), (d) and (e) show ¢g., ¢ and ¢, versus the applied voltage with respect to the flatband
potential for three different samples located in different regions of (a). The doping densities

of the samples in these experiments were 2.28 x 10¥cm=3, 1.1594 x 10*’cm= and 7 x

10%°cm ™3 respectively. The vertical lines in (c), (d) and (e) represent the potential values

for the onset of the oxygen evolution reaction on both dark and illuminated conditions.

The zero of the applied voltage is referenced to the flat band potential V},. Voltages higher

than zero mean applied voltages more positive than Vy,. Here, ¢ = 57 has been used for

bulk hematite, together with the Helmholtz parameters extracted from the simulations of
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Figure A.3: Potential drop in the Helmholtz layer versus the doping density, (a). Figures
(b) and (c) show linear fits performed for the data of onset potential under illuminated
and dark conditions respectively. Here, ¢ = 57 has been used for bulk hematite, together

with the Helmholtz parameters extracted from the simulations of the OH termination.
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Figure A.4: Potential drop in the Gouy-Chapman layer versus the doping density, (a).
Figures (b) and (c) show linear fits performed for the data of onset potential under illu-
minated and dark conditions respectively. Here, ¢ = 57 has been used for bulk hematite,

together with the Helmholtz parameters from the simulations of the OH termination.
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average fields increase while increasing the doping density due to the decrease of the spatial

extension of both layers. Here, ¢ = 57 has been used for bulk hematite, together with the

Helmholtz parameters extracted from the simulations of the OH termination.
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Figure A.6: Potential drop in the space charge layer versus doping density. Here, € = 57

has been used for bulk hematite, together with the Helmholtz parameters extracted from

the simulations of the OH termination.
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Analysis with ¢ = 80 with the stoichiometric termina-

tion
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Figure A.7: Calculated drop of the space charge layer L. versus the doping density. The
inset shows a zoom in on the data at high doping densities ~ 10*'cm™. The white and
black dots represent the data of the onset of the OER under illuminated (1 sun) and dark
conditions. Here we used ¢ = 80 and the Helmholtz parameters extracted from simulations

of the stoichiometric simulation.
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Figure A.8: Behaviour of the potential drops across the interface of hematite-NaOH. Fig-
ures (a) and (b) show plots of the ratios ¢g/ds. and ¢e/ds. versus the doping density.
Figures (c), (d) and (e) show ¢4, ¢y and ¢ versus the applied voltage with respect to the
flatband potential for three different samples located in different regions of (a). The dop-
ing densities of the samples in these experiments were 2.28 x 10¥e¢m=2, 1.1594 x 10*%cm 3
and 7 x 10*%cm™ respectively. The vertical lines in (c), (d) and (e) represent the poten-
tial values for the onset of the Oxygen evolution reaction on both dark and illuminated
conditions. The zero of the applied voltage is referenced to the flat band potential V.
Voltages higher than zero, mean applied voltages more positive than Vy,. Here, € = 80 has
been used for bulk hematite, together with the Helmholtz parameters extracted from the

simulations of the stoichiometric termination.
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Figure A.9: Potential drop in the Helmholtz layer versus the doping density, (a). Figures
(b) and (c) show linear fits performed for the data of onset potential under illuminated and
dark conditions respectively. Here, e = 80 has been used for bulk hematite, together with

the Helmholtz parameters extracted from the simulations of the stoichiometric termination.
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Figure A.10: Potential drop in the Gouy-Chapman layer versus the doping density, (a).
Figures (b) and (c) show linear fits performed for the data of onset potential under illu-
minated and dark conditions respectively. Here, ¢ = 80 has been used for bulk hematite,
together with the Helmholtz parameters extracted from the simulations of the stoichiomet-

ric termination.
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Average electric field versus the doping density across the the space charge

layer and the Helmholtz layer, figures (a) and (b) respectively. It can be seen that both

average fields increase while increasing the doping density due to the decrease of the spatial

extension of both layers. Here, ¢ = 80 has been used for bulk hematite, together with the

Helmholtz parameters extracted from the simulations of the stoichiometric termination.
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Figure A.12: Potential drop in the space charge layer versus doping density. Here, ¢ = 80

has been used for bulk hematite, together with the Helmholtz parameters extracted from

the simulations of the stoichiometric termination.
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Appendix B

Code continuos equations

The code we used to analyze the experimental data is written in Python. The equations for
the interface were solved numerically using the library scipy. This code should be compiled

with versions of Python 3.

import numpy as np
import math

from scipy.optimize import fsolve

#fundamental constants
e=1.60217662E-19
k=1.3806488E-23
eps0=8.8541878128E-12
T=298.15 #temperature at 25C

#Dielectric constant hematite

eps=b7 #dielectric constant hematite

#Helmholtz layer parameters
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eps_H=25.3
LH=4.4E-10

#parameters reported in paper
#Doping density in cm™-3

n=7E20

#range of aplied voltage (V)
vo=0.8

vi=1.7 + 0.05 ## + 0.05 is just to take into account 1.7 in the interval
#flatband potential

vib=0.53

#Vonset potential

vonset_1=1.0 #light
vonset_d=1.58 #dark
#concentration of the solution(M)
c=1.0330

epsel=64.42

#the conversion of the parameters to SI units are performed within the

#ficalculations

FileName=’results_LeFormal2011.dat’

f=open(FileName, ’w’)

f.write("# cO(M)\t ND(cm-3) \t L_sc(A) \t L_H(A) \t Vapp-Vib \t
phi_sc \t phi_H \t phi_el \t phi_el+phiH \t phi_tot\n")

#1 is the voltage across the interface Vapp-Vfb
for i in np.arange(vo-vfb,vf-vfb,0.05):
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#Solving phi_H + phi_el + phi_sc - (Vapp-Vfb)==0 numerically
#i=(vapp-V£b)

#Defining function

func = lambda x : (2%k*T/e)*np.arcsinh(math.sqrt((e*xeps*abs(x)*(n*1.0E6))/
(4% (c*6.022140857E26) *epsel*Txk))) + ((LH*math.sqrt(2))/(eps_Hx*eps0))
*math.sqrt (exeps*epsO* (n*x1.0E6*abs(x))) +abs(x)-i

#Getting the solution

phi_sc= fsolve(func,i)

#Using output phi_sc as input to calculate the other quantities
phi_el=(2xk*T/e)*np.arcsinh(math.sqrt ((e*eps*abs(phi_sc)*(n*1.0E6))/
(4% (c*6.022140857E26) *epsel*T*k) ) )

phi_H = ((LH*math.sqrt(2))/(eps_H*eps0))*math.sqrt (exeps*epsO*
(n*1.0E6*abs(phi_sc)))

L_G = math.sqrt((epsel*epsO*k*T)/(2xe*xe*xc*6.022140857E26) )
L_sc=math.sqrt ((2*eps*eps0)/(e*x(n*1.0E6)))*math.sqrt (abs(phi_sc)
-(k*T/e))

phi_total=abs(phi_sc)+phi_H+phi_el

- writing in file
#Lsc and LH are written in angstrom, note *1E10 in the printing
f.write(" %.4f \t %.2E \t %.4f \t %.4f \t %.4f \t %.4f \t %.4f
\t %.4f \t %.4f \t %.4f\n " %(c, n, L_scx1.0E10, LH*1.0E10, i,
phi_sc, phi_H, phi_el, phi_H + phi_el, phi_total ))
f.close()
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