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Improving Photoelectrochemical Hydrogen Generation from Water Splitting using
Ultrathin Overlayers on Hematite Photo-anodes

ALEXANDER LEVINSSON

Department of Physics

Chalmers University of Technology

Abstract

Solar energy is the energy source for the future, because it is renewable and envi-
ronmentally safe. An application to convert the solar energy into a useful energy
form is photoelectrochemical (PEC) water splitting, in which the solar energy is
converted to chemical energy in hydrogen gas. Hematite (a-FeyO3) is one of the
most promising semiconductors that are used in PEC cells, mainly because of its
band gap of 1.9 — 2.2 €V, its chemical stability, and that it is an abundant mate-
rial. Hematite is used as a photo-anode in the PEC cell, but its performance is
limited due to for instance poor oxidation kinetics at the hematite/electrolyte inter-
face. In this work, three different ultrathin overlayers (FeOOH, NiOOH, NiFeOy)
are deposited on hematite in order to improve the performance of the PEC cell by
reducing recombination of photogenerated electron—hole pairs and facilitate hole
transport at the hematite/overlayer/electrolyte interface. With these overlayers,
the photocurrent density of hematite is increased and the onset potential is lowered.
The hematite electrode with the FeOOH overlayer shows the best performance,
where the photocurrent density is increased from 0.087 mA/cm? for bare hematite
to 0.275 mA/cm? at 1.23 Vygg under 1 sun illumination, and the onset potential
is lowered by 220 mV compared to bare hematite. This improved performance is a
result of the improved oxidation kinetics, which for instance can be attributed to an
increased surface charge transfer efficiency.

Keywords: electrochemistry, hematite, hydrogen, overlayer, photo-anode, photoelec-
trochemical cell, semiconductor, solar energy, water splitting.
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band gap transition. There is no change in momentum and the elec-
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1

Introduction

The modern society we live in consumes more and more energy. This is a result of
the increase in Earth’s population as well as an increase in the energy consumption
per capita [2]. Several of the energy sources that are used today, for instance fossil
based fuels and nuclear power, are limited and harmful in a long-term perspective.
For a sustainable future for our planet, there is a need for abundant and environmen-
tally safe energy sources that have the potential to supply the high energy demand
without being harmful for our planet.

Hydrogen has a promising future as an energy carrier and as a fuel [3]. In nature,
hydrogen is only found in chemical compounds, therefore the use of hydrogen as
energy carrier or fuel first requires energy to generate hydrogen gas. Hydrogen as
a fuel can be compared with fossil based fuels, which are mainly used today, in
terms of a sustainable future. As already mentioned, fossil based fuels are a limited
source and have a negative impact on the environment. Hydrogen on the other
hand is abundant in compound form, for instance in water, and it can be used as an
environmentally friendly fuel, especially when generated from a renewable energy
source. The only renewable energy source that has the potential to supply all the
energy that we consume is the sun. The estimated average energy consumption for
our planet in 2015 was 14.5 TW [4], which can be compared to the solar power that
irradiates the surface of the Earth: 1.3 - 105 TW [5]. This means that the energy
from one hour of solar illumination equals Earth’s total energy consumption in one
year.

The solar cells, where the solar energy is converted directly into electricity, has
been improved a lot the last decades. However, an issue with solar cells is the
intermittency problem; the electricity is not produced when and where it is needed
at most. An alternative to solar cells is photoelectrochemical (PEC) cells. In a
PEC cell, the solar energy is converted to storable chemical energy, which has the
potential to solve the intermittency problem. The solar energy can be used to
generate hydrogen gas, which can be used as a fuel or an energy carrier. Hydrogen
can be generated from water splitting, with the overall reaction

H,O(1) + 2hv — ;Og(g) + Ha(g), (1.1)

where hv is the energy of the incident photon [6]. The threshold energy for the
reaction to occur is 1.23 eV [3].

PEC water splitting with solar energy is a complex process, which will be ex-
plained and discussed throughout this thesis. One essential part of the process is
absorption of the solar energy. For this, a semiconducting material is used. The
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bandgap of the semiconductor gives the theoretical maximum driving force for wa-
ter splitting. In science, several different semiconductors have been used for PEC
water splitting, and especially metal oxides have been widely used. Some examples
of material used are a-Fe;O3, BiVO,, CdS, CuyO, GaP, TiOy, WO3, and ZnO [7].

PEC cells have existed in 45 years. The first demonstration of a PEC water
splitting system to produce hydrogen gas was given by Fujishima and Honda in
1972, where they used the semiconductor TiOy [6]. In 1998, the high potential for
PEC water splitting was demonstrated by Khaselev and Turner when they achieved
a solar-to-hydrogen (STH) conversion efficiency of 12.4% [8], which is higher than the
benchmark STH efficiency of 10% for practical applications [7]. The STH conversion
efficiency measures the overall performance of a PEC cell, and describes how much
of the solar energy that is converted into chemical energy in hydrogen gas. Research
is ongoing to increase the performance of PEC cells. More advanced PEC systems
are developed to increase the STH conversion efficiency and the highest reported
STH efficiency today is over 30% [9].

In this study, the material a-Fe;Ogs, which is named hematite, is used. Hematite
has been widely used and analysed in PEC water splitting both because of its stabil-
ity and suitable bandgap. Today, research is ongoing to increase the understanding
and the performance of PEC cells using hematite as light absorbing semiconductor.
To increase the performance of hematite in a PEC cell one can modify the material.
Examples of modifications of hematite are depositing a thin overlayer of a oxide-
hydroxide [10], doping the hematite, for instance with titanium [11], and treat the
material with hydrogen gas during the annealing process, in which the hematite is
generated [12].

1.1 Aim of the project

The aim of this project is both to optimise the performance and increase the un-
derstanding of a PEC system comprising a uniform hematite photo-anode and a
thin overlayer of FeOOH, NiOOH, or NiFeO,. To achieve the aim, the following
questions will be answered:

o How does an overlayer affect the properties and performance of a hematite
photo-anode?

o Why does an overlayer affect the performance of a hematite photo-anode?

o What conditions for each overlayer deposition gives the best performance of
the PEC cell?

o Which overlayer gives the best performance of the PEC cell? Why?
The understanding of the PEC system is of great importance in the project. There-

fore, the aim is not only to explain why some experiments show good results, but
also to understand why some experiments do no work as intended.

2
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1.2 Limitations

One important limitation is that the same basic PEC cell is used in all measurements.
The system consists of hematite as photo-anode, platinum as cathode, and aqueous
NaOH as electrolyte. All tests are done at room temperature and under 1 atm
pressure. Regarding the overlayers, a limitation is set to include the three overlayers
FeOOH, NiOOH, and NiFeO,. Finally, the amount of theory will be at a level of
detail that is relevant to the scope and aim of the project.
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Theoretical Background

This chapter intends to give a theoretical background of the most important con-
cepts in this thesis. The experimental work is based on these concepts, but this
background is given for a general water splitting photoelectrochemical cell.

2.1 Electrochemistry

Knowledge about electrochemistry is of great importance to understand the chemical
reactions that occur in a photoelectrochemical cell. A general chemical reaction can
be written

aA+bB+ .. =X +yY +.., (2.1)

where A, B, ... are the reactants and X,Y, ... are the products. Both the reactants
and the products can be in any physical state: solid, liquid, or gaseous. To study the
direction of the reaction (2.1), thermodynamics, and especially Gibbs free energy, is
used. Gibbs free energy is defined as

Gp,T)=U+pV -TS=H-TS, (2.2)

where U is the internal energy of the system, p is the pressure, V' is the volume, 7" is
the temperature, S is the entropy, and H is the enthalpy [1]. At constant pressure
and temperature, a change in Gibbs free energy is

AG = AU +pAV —TAS = AH —TAS . (2.3)

Gibbs free energy can be related to the second law of thermodynamics, which
states that the total entropy only can increase with time or remain constant, that
is ASio > 0. The differential of Gibbs free energy at constant pressure and temper-
ature is

dG = dU + pdV — T'dS. (2.4)

The total entropy can be written
Stot = S —+ SR, (25)

where S is the entropy of a given system and Sg is the entropy of a large reservoir
[1]. The fundamental thermodynamic relation is

AU = TdS — pdV, (2.6)

5
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which can be written as

1 P
dsS=-4d Zav. 2.
S TU+TV (2.7)

Consider a small change in entropy:
dSiet = dS +dSg, (2.8)

and applying equation (2.7) to the entropy of the reservoir gives

1
i = dS + — dUg + 22 qvy,. (2.9)
Tr Tr
The temperature and pressure are the same in the system and reservoir, and since
the change in energy and volume of the reservoir is minus the change in energy and
volume of the system, respectively, equation (2.9) gives

1 D 1 1
= _ = _ £ S T = _—— i 2.1
dSior = dS TdU TdV T (dU + pdV ds) TdG (2.10)

Therefore, changes in Gibbs free energy is related to entropy changes via
AG = —TAStOt ; (211)

and an increase in entropy always corresponds to a decrease in Gibbs free energy.
Note the difference between equation (2.3) and (2.11). Equation (2.11) includes
both the given system and a reservoir, which has AH;, = AH + AHr = 0 under
the given conditions. Therefore, AG < 0 is a condition for a chemical reaction to
occur spontaneously.

2.1.1 Electrical work

Consider a system that contains two different conducting objects. If these objects are
brought into contact, an electric potential difference is developed at the interface.
The electrical potential difference is developed because of charge separation that
occurs between the two objects [13].

Electrical work is done when an electric charge is moved through an electric
potential difference. This electrical work can be related to a change in Gibbs free
energy. The first law of thermodynamics is stated

AU = q+w, (2.12)

where ¢ is the heat absorbed by the system and w is the work done on the system.
In the case of both mechanical and electrical work under constant pressure, the work
done on the system is [13]

W = Wmech T Welec = _pAV + Welec - (213)

For a reversible process under constant temperature, the heat absorbed by the sys-
tem is given by

q=TAS. (2.14)
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Combining the equations (2.13) and (2.14) with equation (2.12) gives
AU =TAS — pAV + Welee , (2.15)
which also can be written
Weree = AU + pAV — TAS “ZY AG. (2.16)
The electrical work that is done by the system on the surroundings is
Wetee = —EQ, (2.17)

where E' is the potential difference and @) is the charge that is moved through the
potential difference [13]. If the charge carriers are electrons, the electrical work is

Welee = —MFE, (2.18)

where n is the number of moles of electrons and F' = 96 484.6 C [14] is the charge
of one mole of electrons, called the Faraday constant. Using equation (2.16), the
change in Gibbs free energy can be written

AG = —nFE. (2.19)

This gives a method to determine changes in Gibbs free energy without having to
include calculations of enthalpies and entropies.

2.1.2 Water splitting

The most essential chemical reaction in this thesis is water splitting, which can be
written

H,0(1) = £0s(g) + Hal). (2.20)

Consider the reaction for one mole of water, in which one mole of hydrogen gas and
half a mole of oxygen gas is generated. The enthalpy change at room temperature
and 1 atm pressure for this reaction is AH = 286 kJ [1], which means that this
amount of energy needs to be added to the system in order for the reaction to occur.
As can be seen in equation (2.3), AH = AU + pAV. When splitting one mole of
water, the generated gases have a larger volume than the water, and the energy that
is needed to push the atmosphere away and make space for these gases is pAV = 4kJ
[1]. The remaining 282 kJ is the internal energy change in the system.

The amount of electrical work that needs to be done on the system can be
calculated. First, the entropy change in the system is analysed. The entropies for
each molecule is shown in table 2.1. The entropy change is given by

Table 2.1: Entropies of formation under standard conditions (25°C and 1 atm
pressure) of the molecules involved in water splitting [1].

Molecule | Entropy [JK 'mol™!]
H,O 69.91
H, 130.68
(02} 205.14
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205.14
2

1
AS = S, + 550, — S0 = 130.68.J/K + J/K —69.91J/K = 163.34 J /K ,

which in turn gives the heat absorbed by the system at room temperature
qg=298K-163.34J /K ~ 49kJ .

The change in Gibbs free energy, which is equal to the electrical work done on the
system, is according to equation (2.3)

AG =286kJ —49k]J = 237kJ.

This means that in order to split one mole of water, a minimum of 237 kJ of electrical
work is required to enter the system. This can be converted to the amount of
electrical work that is required to split one single water molecule:

237 103J 237 103

A
¢ Na Na

6.242-10"% eV ~ 2.46 eV,

where Ny =~ 6.022-10%* mol ! is the Avogardo constant. This means that a minimum
of 2.46 eV of electrical work is required to split one water molecule according to the
reaction in equation (2.20).

2.1.3 Reduction and oxidation

Two important concepts in this thesis are reduction and oxidation. Reduction is the
gain of one or several electrons by an atom, molecule, or ion. Oxidation is the loss
of one or several electrons from an atom, molecule, or ion. Oxidation and reduction
occur simultaneously, and the phenomenon is called a redox reaction. An example
of a redox reaction is water splitting:

1
In the reaction, oxygen is oxidised from its oxidation number —2 in water to the
oxidation number 0 in O,. At the same time, hydrogen is reduced from its oxidation
number +1 in water to oxidation number 0 in Hs.

In electrochemistry, the water splitting is divided into two steps. Oxidation takes
place according to the reaction

1
H,O(l) — 5Og(g) +2H" + 2¢~, (2.22)

and reduction takes place according to the reaction

2H" + 2e~ — Hay(g) . (2.23)
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2.2 Semiconductors

Semiconductors are materials that are characterised by a lower conductivity than
metals and higher conductivity than insulators at standard temperatures. Most of
the semiconductors are solid binary compounds with a crystalline structure. Semi-
conductors are used in a lot of applications; apart from photoelectrochemical cells
they are also used in photovoltaic cells, transistors, diodes, detectors, etcetera [15].

2.2.1 Band structure

The band structure describes the energies that an electron in a material can have.
The energy bands are made up of atomic orbitals from individual atoms, and due to
the large number of atoms in the material, the difference between adjacent energies
in an energy band is so small that an energy band can be seen as a continuum
of energies. Two energy bands are of interest, the highest occupied band called
the valence band, and the lowest unoccupied band called the conduction band.
The highest energy in the valence band is called the valence band edge and the
lowest energy in the conduction band is called the conduction band edge. The
difference between these energies is called the band gap, £, and it determines the
most essential properties of the semiconductor [16]. The electron energies between
the valence band and conduction band are forbidden, which means that no electrons
are allowed to have these energies. The band gap is illustrated in figure 2.1.

Electrons can be excited from the valence band to the conduction band thermally
or photochemically [16], and the number of electrons that are thermally excited
increases with the temperature [15]. When an electron is excited to the conduction
band, a positively charged electron hole is left behind in the valence band. This lack
of an electron is called a hole and is denoted h*. Holes are considered mobile in the
way that they change location when an electron is transferred to the vacancy, for
example if an electron is transferred from location A to B, a hole is transferred from
location B to A simultaneously.

Electron energy

Conduction band edge

Vaence band edge

Figure 2.1: Schematic illustration of the band gap of a semiconductor. The band
gap, Fg, is the difference between the conduction band edge and the valence band
edge, and no electron energies in the band gap are allowed.
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There are two different types of band gaps: direct band gap and indirect band
gap. The valence band edge and conduction band edge have a certain crystal mo-
mentum, which is a conserved quantity associated with a wave vector [15]. The band
gap is direct if the valence band edge and the conduction band edge have the same
wave vector, which is illustrated in the left panel of figure 2.2. The absorbed photon
has a negligible wave vector, thus there is no change in the crystal momentum for
a direct optical transition. Instead, if the valence band edge and the conduction
band edge have different wave vectors, the band gap is indirect. This situation is
illustrated in the right panel of figure 2.2, and to conserve the crystal momentum
of the system the transition involves both a photon and a phonon. The phonon
energy is very small compared to the size of a typical band gap, which means that
the transition can be described as a two-step process. First the photon energy is
absorbed to an intermediate state, in which the crystal momentum has not changed.
The second step involves the phonon, which changes the momentum of the electron.
If the phonon needed for the transition already exists in the crystal, i.e. is ther-
mally excited, it can be absorbed in the transition. If the phonon is not thermally
excited, it can instead be created in the photon absorption process. In this case,
the phonon created has the opposite momentum of the electron momentum change,
since the quantity is conserved [15]. However, since an indirect band gap transition
requires interaction with a phonon, it has a lower probability to occur compared to
a direct band gap transition. This results in a lower light absorption coefficient for
an indirect band gap, which is a disadvantage for semiconductors that are used in
for instance solar cells and PEC cells.

Electron energy Electron energy

WW Conduction band

Phonon assisted transition

Transition
Valence band Valence band
Crystal momentum Crystal momentum

Figure 2.2: Direct and indirect band gap. Left panel: illustration of a direct
band gap transition. There is no change in momentum and the electron is excited
from the valence band to the conduction band by absorption of a photon. Right
panel: illustration of an indirect band gap transition. The valence band edge and
the conduction band edge do not have the same crystal momentum, thus a phonon
is needed in the electron excitation process.
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2.2.2 Fermi level and doping

The Fermi level of a material is defined as the energy which has the probability %
to be occupied by an electron. For an undoped, also called intrinsic, semiconductor
the Fermi level is located at the mid-point of the band gap [16], which is shown in
figure 2.3.

Semiconductors can also be doped by adding a fraction of some dopant element.
The most common effect from a dopant is that it introduces a new energy level in
the former forbidden band gap area, which changes the charge carrier concentrations
and the Fermi level of the material [16]. If the new energy level is located close to
the conduction band edge it will facilitate transfer of electrons to the conduction
band, and the electrons are the majority charge carriers of the material [16]. The
Fermi level is located between the new energy level and the conduction band, and
this is called an n-type semiconductor. The left panel of figure 2.4 shows the energy
bands and the Fermi level of an n-type semiconductor.

If the majority charge carriers are holes, the semiconductor is a p-type. The
new energy level caused by the dopant is located close to the valence band, which
facilitates transfer of electrons from the valence band to the new energy level [16].
This results in fewer electrons in the conduction band, and more holes in the valence
band. The Fermi level is located just above the valence band, which is illustrated
in the right panel of figure 2.4.

Energy

© ©® ©  Cconduction band

______________________ Fermi level

® ® ® Vaenceband

Figure 2.3: The Fermi level of an intrinsic semiconductor is located at the mid-
point of the band gap. In this illustration, some electrons are excited to the con-
duction band, leaving holes in the valence band.

2.3 The photoelectrochemical cell

The main principle of a PEC cell is to, via water splitting, convert solar energy to
hydrogen gas, in which the energy is stored in chemical bonds. The solar energy is
first absorbed by a semiconductor, and then the holes and electrons are separated
from each other and take part in the oxidation and reduction reactions, respectively,
to generate the hydrogen gas.

11
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Energy Energy
© © © © Cconductionband © Conduction band
——————————————— Fermi level
e e e Dopant band
_— — 6— 6—@— — Dopant band
************************ Fermi level
® Valence band ® & ® @ Vaenceband

Figure 2.4: Energy bands and Fermi levels of doped semiconductors. Left panel:
In an n-type semiconductor the dopant introduces an energy band, dopant band,
close to the conduction band. The electrons in this band are more likely to be
excited to the conduction band compared to the electrons in the valence band. This
results in more electrons in the conduction band than holes in the valence band,
and therefore electrons are the majority charge carriers in an n-type semiconductor.
Right panel: In a p-type semiconductor the dopant band is located close to the
valence band. The result from this is that electrons in the valence band are easily
transferred to the dopant band. This leaves holes in the valence band, hence holes
are the majority charge carriers in a p-type semiconductor.

2.3.1 Basics of the cell

A PEC cell consists of three main parts: a working electrode, a counter electrode,
and an aqueous electrolyte. The working electrode is a semiconductor with the
ability to absorb photons, while the counter electrode often is a metal, for instance
platinum is widely used [3]. The purpose of the electrolyte is both to supply the
system with water and to transfer charges between the two electrodes.

As mentioned in section 2.1.3, the water splitting is divided into two steps. One
reaction step occurs at the working electrode, and the other step at the counter
electrode. The electrode where the oxidation occurs is called the anode, and where
the reduction occurs is called cathode. For an n-type semiconductor, the electrode is
a photo-anode. First, the semiconductor is illuminated with sunlight, and photons
with a higher energy than the band gap can be absorbed, creating an electron-hole
pair. The excited electrons in the conduction band are then separated from the holes:
the electrons are transferred to the cathode via an external circuit, and the holes
are transferred to the photo-anode/electrolyte interface [3]. The holes take part in
the oxidation that occurs at the photo-anode/electrolyte interface, according to

1
H,0(0) +2h" — SOy(g) + 2H . (2.24)

The oxidation generates both oxygen gas and hydrogen ions at the photo-anode.
The hydrogen ions move through the electrolyte to the cathode, where they take
part in the reduction process at the cathode/electrolyte interface, together with the
electrons from the external circuit. This generates hydrogen gas, according to the
reaction

2H' + 2e~ — Ha(g). (2.25)

In the case of a p-type semiconductor, the semiconductor instead acts as a photo-
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O,
R |

Incident
photons

Figure 2.5: A basic PEC cell with an n-type semiconductor that works as a photo-
anode. The photo-anode absorbs incident photons, creating an electron-hole pair.
The holes are transferred to the photo-anode/electrolyte interface where they oxidize
water, forming oxygen gas and hydrogen ions. The electrons are transferred to
the cathode via an external circuit, while the hydrogen ions are transferred to the
cathode via the electrolyte. These electrons and hydrogen ions then react at the
cathode/electrolyte interface, forming hydrogen gas. A voltmeter can be used to
measure the potential between the two electrodes.

cathode, which means that reduction takes place at the working electrode. However,
the overall reaction in a PEC cell is independent of the type of the semiconductor.
The overall reaction is

H,y0(1) + 2hv — %og(g) + Ha(g), (2.26)

where hv is the photon energy [6]. In order to split one water molecule, there
is a need of two photons, which also can be seen in equation (2.24) because two
holes are required for the oxidation. As calculated in section 2.1.2; electrical work
of 2.46eV is required to split one water molecule. This means that the threshold
photon energy and band gap size is 1.23eV; it is not theoretically possible to split
water in a PEC cell using a semiconductor with a band gap smaller than 1.23¢eV.
Figure 2.5 illustrates how a basic PEC cell works.

Nevertheless, there is often a need to apply an external bias voltage to the system
in order to achieve water splitting. This is due to the positions of the electron bands
in the working electrode and the Fermi level of the counter electrode, with respect
to the redox potentials in water splitting. The holes of interest are located in the
valence band, and because they have a positive charge, the valence band edge must
be located at a lower energy than the HyO/O, oxidation potential in order for the
oxidation to occur spontaneously [17]. The situation is similar for the electrons. The
electrons in the conduction band are transferred to the metal counter electrode. The
Fermi level of this electrode must have a higher energy than the H* /H, potential in
order for the reduction to occur spontaneously [17]. This means that not only the

13



2. Theoretical Background

size of the band gap, but also the position of the band edges and the Fermi level,
are important to achieve water splitting.

There is also a lot of losses in a PEC cell. An example is recombination of an
excited electron-hole pair, which means that the excited electron loses its absorbed
energy as heat and is transferred back to the valence band again. Other typical
losses are due to resistance of both electrodes and electrical connections, and voltage
losses at the contacts in the cell. All combined losses are estimated to approximately
0.8¢eV. In practice, the optimal band gap size is therefore about 2eV instead of the
theoretical limit of 1.23eV [3].

For a semiconductor to be suitable for applications in a PEC cell, several criteria
must be met. As mentioned above, the band gap should not be smaller than about
2eV. On the other hand, if the band gap is too large, for instance 3 eV or above, only
a small fraction of the photons in the solar spectrum can be absorbed, resulting in
a too low efficiency of the PEC cell. The energies of the valence band, conduction
band, and the Fermi level are also of great importance. For long term use, the
semiconductor should not be susceptible for corrosion in the electrolyte, while for
large scale applications it should neither be made of rare or expensive elements. It
is indeed a challenge to find a semiconductor that fulfils all these criteria.

In science, a third electrode is often used in a PEC cell. This electrode is a
reference electrode, and the advantage of using a reference electrode is that the
measured potential difference between the working electrode and the reference does
not depend on the amount of current in the PEC cell. The stable potential of
the reference enables studies of the working electrode. This would not be possible
without the reference, since the potential difference between the working electrode
and the counter electrode depends, in an unknown way, on the amount of current
in the cell [18].

2.3.2 Band bending and flat-band potential

Up to this point, the energy levels have been analysed individually for the electrodes
in the PEC cell. However, the electrodes are in contact with the electrolyte, and
the system strives towards equilibrium. To be in equilibrium, the electrochemical
potentials of the components in the cell must be the same.

Consider the semiconductor/electrolyte interface. The potential of the electrolyte
is determined by its redox potential, and the potential of the semiconductor is deter-
mined by its Fermi level [16]. If their initial potentials are not the same, charges will
move between the semiconductor and the electrolyte in order to achieve equilibrium.
These excess charges in a semiconductor are located about 10 — 1 000 nm into the
material in a region called the space charge region [16]. The charges in the space
charge region generates an electric field, which can be used to separate holes from
electrons. For an n-type semiconductor, the Fermi level is higher than the redox
potential of the electrolyte, hence electrons are transferred from the semiconductor
to the electrolyte in order to achieve equilibrium. This results in a positive charged
semiconductor close to the electrolyte interface, which in turn results in an upward
bending of the electron bands. This space charge region is also called depletion
layer, because the majority charge carriers have been removed from it. Figure 2.6
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shows an example of the energies and the band bending in a PEC cell with an n-type
semiconductor under illumination and with an applied bias voltage.

The situation is opposite for a p-type semiconductor. Holes are transferred from
the semiconductor to the electrolyte, resulting in a downward band bending. Any-
way, the space charge region is also a depletion layer since the majority charge
carriers in a p-type semiconductor are holes.

The Fermi level and the band edges in the semiconductor can be shifted by
applying an external bias voltage to the PEC cell. However, the energies at the
semiconductor/electrolyte interface do not change when an external potential is ap-
plied, thus the applied potential change both the direction and the magnitude of the
band bending. The applied potential at which the Fermi level of the semiconductor
is the same as the electrolyte redox potential is called the flat-band potential, Efp,
[16]. At this applied potential, there is no charge transfer between the semiconduc-
tor and the electrolyte, hence no band bending. Note that no current will flow in
the PEC cell at the flat-band potential because there is no electric field that can
separate holes and electrons [16]. For an n-type semiconductor at potentials nega-
tive to Fp,, there is an excess of electrons, resulting in an accumulation region. For
a p-type semiconductor the accumulation region arises for potentials above Ey,.

©
,@ ______ S
H*/H,

E — 9
C
Er mm e === 1.23 eV

/ H,0/0,
Ey 1
Photo-anode Electrolyte Cathode

Figure 2.6: Schematic illustration of the energies in an n-type semiconductor under
illumination. Note the upward band bending close to the photo-anode/electrolyte
interface. The applied bias voltage shifts the Fermi level of the cathode to an
energy higher than the reduction potential of the electrolyte, which enables water
splitting. Without the applied bias voltage, the Fermi level of the cathode may be
located below the reduction potential in the electrolyte, thus the electrons have not
sufficient energy to produce the hydrogen gas.
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Hematite

The semiconductor that is solely studied in this project is hematite. Hematite is
an iron oxide with the chemical formula a-Fe;O3, henceforward abbreviated Fe,Os.
Fe;O3 shows an n-type behaviour, and can therefore act as a photo-anode in a PEC
cell.

3.1 Promising material for PEC cells

Fe;O3 has several material properties that makes it suitable for PEC cells. It has
an indirect band gap of 1.9 — 2.2 eV, which corresponds to a theoretical maximum
solar-to-hydrogen efficiency of 15%. This can be compared with the benchmark ef-
ficiency of 10% [7]. The band energies for Fe,O3 are shown, together with the redox
potentials for water splitting, in figure 3.1. In addition to an almost optimal band
gap size, Fe;O3 is inexpensive and the most common iron oxide in nature, hence it
has potential for large scale applications [19]. Fe,O3 is also the most thermodynam-
ically stable form of iron oxides under relevant conditions for PEC cells [7]. The
combination of these properties makes it one of the most interesting materials for

PEC cells.

3.2 Challenges in PEC cells

Fe;O3 also has some drawbacks for PEC cells. As can be seen in figure 3.1, the
conduction band edge has a lower energy than the H* /H, potential, thus an applied
bias voltage is required in order to generate hydrogen gas in the cell. The valence
band edge is located at a lower energy than the HyO /O, potential, which means that
the oxidation can occur spontaneously. However, the holes in the valence band has
a large overpotential, resulting in poor oxidation reaction kinetics. The large over-
potential requires a large applied bias voltage to oxidize water, and it is considered
a major challenge to reduce the applied bias voltage. The water oxidation kinetics
is determined by three processes: absorption of photons to create an electron-hole
pair, charge separation efficiency where the holes are transferred to the hematite/-
electrolyte interface and the electrons to the external circuit, and charge injection
efficiency where the holes are collected at the hematite/electrolyte interface to take
part in the oxidation reaction [7].

Fe;O3 also has poor light absorption because of the indirect band gap. When
a photon is absorbed, the excited-state lifetime is very short, in the range of a
few picoseconds. Besides that, the electrical conductivity is poor and the diffusion
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Figure 3.1: The band edge positions for hematite relative vacuum level and normal
hydrogen electrode (NHE) in an electrolyte of pH = 7. The reduction and oxidation
potentials are also shown.

length of the holes is very short, approximately 2—4 nm. The thickness of the Fe,O3
photo-anode can be increased to absorb more photons, but due to the short hole
diffusion length only the holes generated in the vicinity of the FeysOg/electrolyte
interface can diffuse to the interface and be used for water oxidation. The other
holes, generated further away from the interface, will recombine with electrons and
the absorbed energy is lost as heat [7].

3.3 Modification of hematite electrodes

A uniform thin film of Fe;O3 as photo-anode results in a too low efficiency for the
PEC cell due to the short diffusion length of holes. To increase the Fe;O3/electrolyte
interface area, several different nanostructures of Fe;O3 have been studied. Some
examples of these nanostructures are nanoparticles [20], nanorods [21], nanotubes
[22], and nanocones [23].

Two other ways to improve the performance of Fe,O3 in a PEC cell is to add
a co-catalyst or a surface passivation layer between the Fe;O3 and the electrolyte.
Two effects can be achieved with this: increase of the generated photocurrent in the
cell, and decrease of the onset potential. The latter is the applied bias voltage at
which the water splitting begins and a photocurrent is observed. A decrease of the
onset potential corresponds to lowering the overpotential of the water oxidation [7].

What a co-catalysts does is to facilitate water oxidation by first oxidize a metal
part of itself, thereby facilitate transport of holes from the Fe,O3 surface to the
electrolyte. Examples of two abundant metals that co-catalysts have been based on
are cobalt and nickel. Nickel is considered one of the most interesting co-catalysts
since it has shown an efficient performance, is inexpensive, and has a low toxicity
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[7]. Nickel oxyhydroxide, NiOOH, is one example of a co-catalyst that has been
reported to lower the onset potential [24].

In order to understand the role of a surface passivation layer, the hole transfer
from FeyO3 to the electrolyte must be analysed. Holes that have been transferred
to the Fe;O3/electrolyte interface still have a non-negligible risk to recombine with
an excited electron. The transfer of holes that leads to the water oxidation occurs
mostly from surface trapped holes, instead of holes directly from the valence band.
The effect from this is that the photocurrent is noticeable only after these surface
trapped sites have been accumulated with holes [25]. If these surface states are
directly involved in the water oxidation or only act as traps that cause harmful
recombination of holes and electrons are still under debate [7]. However, what a
surface passivation layer does is to reduce these surface defects, which in turn reduces
the recombination rate of holes at the interface [26]. Two examples of passivation
layers that have been studied are iron oxyhydroxide, FeOOH [10, 11], and nickel
iron oxide, NiFeOy [27].
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Fabrication of hematite
photo-anodes

This chapter includes the whole fabrication process of the photo-anodes fabricated
during this project: fabrication of pure hematite, deposition of co-catalyst and pas-
sivation overlayers, and fabrication of the electrodes used in the PEC cell.

4.1 Fabrication of hematite

Hematite were fabricated on indium tin oxide (ITO), which is a transparent con-
ducting oxide, coated glass pieces of size 10 mm x 15mm. A silicon dioxide (SiO,)
layer is located between the glass and I'TO and functions as an adhesive layer for the
ITO. The samples were first cleaned with oxygen plasma for two minutes, before
about 75% of the ITO sides were coated with a 10nm thin layer of Fe. The Fe
deposition took place in a Lesker evaporator and at a pressure below 5 - 10" mbar.
The coating technique is called electron beam physical vapor deposition (EBPVD).
An iron target is bombarded with an electron beam, which heats the material and
evaporates Fe atoms into a gas phase. These atoms are then transformed back into
a solid state, and some are transformed just at the ITO substrate, which results in
the desired Fe coating.

The Fe coated ITO glass samples were annealed in a furnace to obtain a red-
orange thin Fe,O3 film. First, the samples were placed in the centre of the furnace,
which was then heated up to 500°C during two hours. The annealing then continued
at 500°C for eight hours, followed by a naturally cool down to room temperature.
Figure 4.1 shows two Fe coated sample, one before and one after the annealing
process.

Figure 4.1: The sample to the left is coated with a thin 10 nm layer of Fe. The
sample to the right is an Fe coated sample after annealing, where the red-orange
Fey O3 is obtained.
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4.2 Deposition of overlayers

The three different overlayers FeOOH, NiOOH, and NiFeO, were obtained by im-
mersing the Fe;O3 samples in hot aqueous solutions that contained different chem-
icals for the different overlayers. The aqueous solutions were based on ultrapure
Milli-Q water, and to deposit FeOOH overlayers, the solution contained 1 M NaNOsj
and 0.15M FeCl; - 6H,0. For the NiOOH overlayers, the solution contained 1M
NaNOj3 and 0.15 M N,NiOg - 6H5O, and for the NiFeO, overlayer the solution con-
tained 1 M NaNOs, 0.15M FeCl; - 6H50, and 0.15 M N3yNiOg - 6H50.

The Fe,O3 films were immersed at different temperatures of the hot solution
and for different durations in order to optimise the overlayer deposition. Different
temperatures are expected to result in different structures of the overlayers, because
the chemical composition of the hot solution changes as well as the deposition rate.
Different durations are expected to result in different thicknesses of the overlayers,
where a longer immersion time is expected to result in a thicker overlayer. After
the deposition, the glass side of the samples were cleaned with isopropanol and the
FeyO3/overlayer films were washed with excess of Milli-QQ water and dried at room
temperature for at least 12 hours. A schematic view of the Fe,O3 film with an
overlayer is shown in figure 4.2.

To optimise the temperature, each overlayer were deposited in 60°C, 70°C, 80°C,
90°C, and 100°C for 5 minutes. Then, the optimised temperatures for each solution
were used to optimise the time duration. The different deposition times were 1, 3,
5, 8, and 15 minutes.

4.3 Fabrication of electrodes

When designing an electrode, it is important to understand that only the Fe;Osg,
or overlayer if there is one, should be in contact with the electrolyte. It will affect
the charge transport in the PEC cell, and hence its performance, if the ITO or any
other conducting component is in contact with the electrolyte.

A copper wire was used to get electrical contact between the ITO and the external
circuit. The wire was first looped to increase the area in contact with the ITO. Then,

— overlayer
| hematite

ITO

silicon dioxide

glass

Figure 4.2: A schematic side view of the fabricated photo-anode samples. The
thermal deposited overlayer is either FeOOH, NiOOH, or NiFeO,. Note: not drawn
to scale.
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the loop was dipped in conducting silver paint and gently pressed against the I'TO
layer for a few seconds. The silver paint was then dried in room temperature for
one hour.

To avoid contact between the copper wire and the electrolyte, the wire, except
for its two ends, was placed in a glass tube. The loop, ITO, and parts of the
Fe;, O3 /overlayer film were sealed with glue from a glue gun to complete the electrode
fabrication. Note that both glass and the glue are non-reactive and can be in contact
with the electrolyte without affecting the performance of the PEC cell.

4.3.1 Active surface area

The part of the Fey,Og/overlayer film that was not sealed with glue is called the
active surface area, since this part was in contact with the electrolyte and therefore
was used for water splitting. Two different methods of designing the active surface
area were evaluated in this project.

The first method was the freehand design. The glue was applied without any
forming tool, resulting in surface areas with irregular shapes and different areas for
each electrode. The image processing software ImageJ was used to measure the
active surface areas. To do this, a photo was taken with an electrode together with
a ruler for scale. The active surface area was highlighted and measured using several
threshold techniques in the software.

The second method was to have the same active surface area for each electrode.
A cylindrical Teflon block was gently pressed against the Fe,O3/overlayer film, and
glue was applied around this block. The Teflon block was then removed when the
glue had hardened, resulting in a circular active surface area with a known size.

Two electrodes, one for each method, are shown in figure 4.3. The two designs
have both advantages and disadvantages. The freehand design is easier to fabricate,
but the active surface areas differ from electrode to electrode, which requires the

Figure 4.3: The electrode to the left is designed with the freehand method, and
the electrode to the right is designed with a circular Teflon block to obtain a circular
active surface area.
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image processing software. The only advantage with the Teflon block design is
that the active surface areas are the same for all electrodes, which enables faster
and easier comparisons between electrodes during measurements. However, several
disadvantages have been noticed. First, the gluing process is complicated and there
is a risk of not sealing the FeyO3/overlayer film properly, and instead creating cave-
like structures underneath the glue. The electrolyte will enter these areas, and since
the glue is partially transparent, some photons will reach the Fe,O3/overlayer film
where the unwanted electrolyte is, and water splitting will occur. Also, this design
creates sharp edges between the Fe,O3/overlayer film, glue, and electrolyte. These
sharp edges make it more difficult for generated oxygen gas bubbles to leave the
active surface area. The active surface area is decreased if small bubbles are stuck
at the Fe;O3/overlayer/electrolyte interface, resulting in a decreased performance of
the PEC cell.

Overall, the freehand design was considered the best one. The image processing
in ImageJ was not time consuming, and the current density (A/cm?) in the PEC cell
will not depend on the active surface area. After the design evaluation, all electrodes
were fabricated with the freehand design.
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Experimental Methods

The laboratory experiments in this project are divided into three parts: measure-
ments in the PEC cell, Raman spectroscopy, and absorption spectroscopy. The main
part is measurements in the PEC cell, including measurements of the generated pho-
tocurrent, electrochemical impedance spectroscopy, Mott-Schottky, and calculations
of the surface charge separation efficiency.

5.1 Measurements in the PEC cell

The PEC cell used in this project was a cell with three electrodes: a hematite
working electrode, a platinum mesh counter electrode, and an Ag/AgCl in saturated
KCl reference electrode. The three compartments in the cell, one for each electrode,
were connected to each other via salt bridges. The compartment for the photo-
anode contained a quartz window to enable the UV radiation to reach the photo-
anode, since a PEC glass cell generally absorbs wavelengths below about 360 nm [28].
The reference electrode potential can be converted to the potential of a reversible
hydrogen electrode, RHE, according to the Nernst equation:

Erpe = Eag/agar + ERg/agar +0.059 - pH (5.1)

where Ejg/aqci is the potential with respect to the Ag/AgCl electrode, Egg /AgCl =
0.197V in saturated KCI at 25°C, and the pH is of the electrolyte in the PEC cell
[29]. The electrolyte used was 0.1 M NaOH, which is a strong base with a theoretical
pH value of 13. So, for this particular electrolyte, the potential of the Ag/AgCl
reference electrode is related to RHE according to Erug = Eag/agc + 0.965.

The water splitting reactions depend on the pH, and under alkaline conditions
they are different from the ones presented in section 2.3 [30]. Here, the hydroxide
groups in the electrolyte are involved in the water splitting reactions. The oxidation
at the photo-anode generates oxygen gas according to

1
20H™ +2h*" — 502 + H,0, (5.2)

with the oxidation potential -1.23 Vgypg [28]. The reduction takes place at the
cathode according to
QHQO +2e” — H2 + 20H™ R (53)

and the reduction potential is 0 Vgrug [28]. Note that the net reaction is the same
as before, in total one water molecule is split into oxygen gas and hydrogen gas.
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As previously mentioned, an external bias potential is required to achieve water
splitting. The applied potential is controlled by a Gamry Reference 600 potentiostat,
which is connected to the electrodes in the PEC cell and to a computer. The
potentiostat is an important instrument in this project since it is used for all the
measurements performed in the PEC cell. The potentiostat is shown, together with
the PEC cell, in figure 5.1.

G AMRY

Reference 00
Potentiostat/Galvanostat/ZRA

quartz hematite Pt mesh
window photo-anode  cathode

Figure 5.1: The PEC cell is shown to the left where each electrode is labelled.
Note the quartz window that is required in order for the UV radiation to reach the
photo-anode. The potentiostat, shown to the right, was used to control the applied
bias voltage to the PEC cell during the measurements.

A solar simulator (SS150, Sciencetech Inc) was used to illuminate the photo-
anodes. Since the real solar irradiation that reaches Earth’s surface varies with
for example the weather and angle of incidence, a standard spectrum has been
developed. This standard spectrum is called air mass (AM) 1.5 G and corresponds
to an intensity of 1 000 W/m?. The air mass value denotes the amount of atmosphere
through which the light has travelled, and the letter G stands for global and means
that not only direct irradiation but also diffuse and reflected light is included in the
spectrum [31]. A sun calibrated reference detector (Sciencetech Inc) was used to
calibrate the distance between the solar simulator and the PEC cell.

5.1.1 Voltammetry

In voltammetry, the current is measured as the applied external bias potential is
varied. The current is an indirect measure of the amount of oxygen and hydrogen
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gas that is generated in the PEC cell. The Faraday efficiency is the efficiency with
which the electrons take part in an electrochemical reaction, and it has been shown
that the Faraday efficiency of the oxygen gas evolution in a PEC cell using an
ultrathin Fe,O3 photo-anode is 100% [32]. An 100% Faraday efficiency in a PEC
cell corresponds to that all electrons measured in the external circuit are used to
generate hydrogen gas at the cathode, hence the current is a good measure of the
performance of the PEC cell.

Especially two properties are of interest in voltammetry: the onset potential and
the amount of photocurrent. The onset potential, F,,, is the applied bias voltage
at which the photocurrent starts. Since the need to apply a bias voltage to the PEC
cell is unwanted, it is desired to have as low onset potential as possible. The amount
of photocurrent does, as already mentioned, correspond to the amount of generated
hydrogen gas. It is therefore desired to have a high photocurrent for as low applied
bias voltages as possible. To compare the performance of electrodes, the measured
current is divided by the active surface area to obtain a current density, denoted j.
A combination of the onset potential and current density has been used to evaluate
the performance of the different electrodes fabricated in this project.

Cyclic voltammetry was the method utilised to optimise the deposition of the
overlayers. All fabricated electrodes were measured during 8 cycles, ranging between
—0.5 Vag/agar and +1 Vg agar. The scan rate was 20 mV /s with 10mV steps. The
first 3 cycles were performed in dark, that is without any simulated sunlight, and
the following 5 cycles were performed under AM 1.5 G simulated sunlight. Two half
cycles where the applied bias voltage is increasing, one for dark mode and one for
light mode, was then selected as a result for each electrode. The selected half cycles
are from the latter part of each measurement, typically cycle 3 in dark mode and
cycle 4 or 5 in light mode.

5.1.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a method to obtain information
about the PEC cell by modelling the electrochemical process and measure the
impedance. Impedance is a complex quantity that measures the ability to resist
electrical current flow, and it can be written as

7 = Zyel? (5.4)

where Zy = |Z] and 6 is the phase shift between the voltage and the current. Note
that the impedance of a resistor and of a capacitor are
Zr=R d Zec= ! 5.5

R — y an c = ch . ( . )
Two different circuit models of the systems are commonly used, Hamann’s circuit and
Randle’s simplified circuit [32], which are shown in figure 5.2. The two circuits have
some common components: a series resistance Rg between the ITO layer and Fe,Os5,
a bulk resistance Ry, in Fe;O3 that is modelled in parallel with a bulk capacitance
Chuk- The bulk resistance is due to charge recombination of electrons and holes, and
the bulk capacitance comes from the space charge region, explained in section 2.3.2.
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Hamann’s circuit also contains a surface-state capacitance Cy and a surface-state
resistance Rg. Cg is the capacitance of charges that are localised at surface states
while Rg corresponds to the charge transfer resistance between the Fe;O3 and the
electrolyte [32]. If the oxidation at the FeoO3/overlayer/electrolyte interface occurs
with holes that are directly transferred from the valence band, no charges are trapped
at the FeyO3/overlayer/electrolyte interface, and Randle’s simplified circuit should
be more suitable than Hamann’s circuit. However, there is still a surface-state
resistance, but this has been included in the bulk resistance in Randle’s simplified
circuit.

To perform an EIS measurement in the PEC cell, and external bias voltage is
applied together with a low AC voltage, whose frequency is varied. The result can
be plotted in a Nyquist diagram, where the real part of the impedance is plotted
on the x-axis and the imaginary part on the y-axis. To calculate the components of
the circuit models, the spectrum plot must be curve fitted. In this project, EIS was
measured under illumination for all electrodes. The applied bias voltage was 0.23
Vag/agar and the amplitude of the AC voltage was 50 mV. The frequency range was
between 100 kHz and 0.1 Hz and the spectra were curve fitted in the potentiostat
software.

Hamann’s circuit Randle’s simplified circuit
ITO Fe,0, Electrolyte ITO Fe,0, Electrolyte
[ |
1
Chulk
—L__ 1 —
RS
1
Rhulk

Figure 5.2: Two circuit models for the PEC cell: Hamann’s circuit and Randle’s
simplified circuit. The two models have the same Fe;O3 bulk components and the
same ITO/FeyO3 series resistance, but differ in that way that Hamann’s circuit
includes a surface-state capacitance in parallel with a surface-state resistance.

5.1.3 Mott-Schottky analysis

Mott-Schottky (MS) analysis is a method to calculate Chpyy in the circuit models
presented above. The MS equation is

(A)z— 2 (E—Efb—kBeT>, (5.6)

Chulk er€0eNp

where Chu is the capacitance of the space charge region, A is the active surface
area, &, is the dielectric constant, gy is the permittivity of vacuum, e is the ele-
mentary charge, Np is the charge carrier concentration, E is the applied voltage,
FEy, is the flat-band potential, kg is the Boltzmann constant, and 7" is the absolute
temperature [28]. The validity of the MS equation depends on three assumptions.
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Firstly, there are two capacitances to consider, the space charge region in the Fe,O3
and a Helmholtz double layer in the electrolyte. These are in series, and in order for
the contribution of the Helmholtz double layer to be negligible, its capacitance must
be much larger than Cy. Secondly, the charge carriers must be evenly distributed
in space and be all ionised. At last, the width of the space charge region must be
much smaller than the width of the semiconductor [33].

In a Mott-Schottky plot, (A/Cpux)? is plotted as a function of the applied po-
tential. If the three assumptions mentioned above are fulfilled, the MS plot will be
linear and the charge carrier concentration can be calculated from

2
Np = —— 2.7
D 5r5065 ) ( )

where S is the slope of the MS plot [33]. Besides that, the flat-band potential can
be calculated by extrapolation of the MS plot to the intersection with the x-axis.
At the intersection, the relationship
kgT
Ep=E— 2= (5.8)
e
is used to obtain the flat-band potential.
All MS measurements were performed in dark, and the applied bias voltage was

increased from —0.8 Vg/agc1 to +0.5 Vag/agcr using a step size of 10 mV. The AC
voltage amplitude and frequency were 50 mV and 1 kHz, respectively.

5.1.4 Surface charge separation efficiency

In this section, a technique for calculation of the surface charge separation efficiency
is presented. The photocurrent density in an aqueous electrolyte can be written

ngO = jmaxnabsnsepnsurf; (59)

where ji,0 is the measured photocurrent, jya.x is the maximum photocurrent, 7,ps
is the light absorption efficiency, 7sp is the charge separation efficiency, and 7y, is
the surface charge separation efficiency [11]. If hydrogen peroxide, HyO,, is present
in the electrolyte, the oxidation kinetics is high and ng,¢ = 1 is assumed. This gives
the photocurrent in the modified electrolyte

szOz = jmaxnabsnsep s (510)

and 7g,¢ can be obtained from

‘.]HQO = Nsurf - (511>
JH20,

In this project, ju,0, was measured for the optimised overlayers in an electrolyte
containing 0.1 M NaOH and 0.3 M H50,. Otherwise the measurements were identical
from the voltammetry presented in section 5.1.1.
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5.2 Raman spectroscopy

Raman spectroscopy is a method to identify molecules by analysing inelastic scat-
tering of photons. The method is based on the fact that molecules have quantized
vibrational energy states, v = 0,1, 2, 3, ..., that are unique for each type of molecule.
When a photon of visible light, that has a too low energy to excite an electron in
the molecule, interacts with the molecule it can be scattered in three different ways:
Rayleigh scattering, Stokes Raman scattering, and anti-Stokes Raman scattering, all
shown in figure 6.10 [34]. The scattering process of a photon begins with absorption
of the photon energy to a virtual energy level in the molecule. A photon is then
re-emitted when the molecule is deexcited back to a real energy state. If the initial
and final energy states are the same, that is the vibrational number v is unchanged,
the scattering is elastic and the photon energy is conserved. This is called Rayleigh
scattering, and it is the most common one of the three possible processes [34]. The
second scattering process is if the final vibrational energy state is higher than the
initial energy state, which is called Stokes Raman scattering. This means that the
molecule has absorbed some of the photon energy, and the scattered process is in-
elastic. The third process is called anti-Stokes Raman scattering, and it occurs if
the molecule initially is excited to a higher vibrational level, and the final energy
state has a lower vibrational number, which means that the molecule has lost some
of its energy to the photon.

The Raman shift due to Stokes and anti-Stokes Raman scattering is typically

Virtual levels

< < <
1 1
QO B MW

Y h 4

Rayleigh Stokes anti-Stokes

=
1

Figure 5.3: The energy levels and scattering processes that are included in Raman
spectroscopy. Rayleigh scattering is an elastic process that is more common than
the other two. However, Stokes and anti-Stokes inelastic scattering includes energy
changes in the scattered photon, which in Raman spectroscopy are used to identify
the molecules because each molecule has its unique energy states.
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presented in wavenumbers 7 in the unit em~!, which corresponds the number of
wavelengths per cm. This value is related to the energy difference between the
incident and the scattered photon, according to

Lot (5.12)

UV =

where )\;, is the wavelength of the incident photon and A is the wavelength of
the scattered photon. Note that the wavelengths must be in cm to obtain the
wavenumber unit cm~!.

Measurements were performed to identify the molecules in Fe;O3 and the overlay-
ers. Samples with ITO/Fe,O3/overlayers were measured as well as samples directly
from the aqueous solutions that were used for overlayer deposition. These samples
were prepared by applying a few droplets of the aqueous solutions on a cleaned I'TO
sample and let the droplets dry at room temperature overnight. This was done
for all three solutions at the temperatures 60°C, 70°C, 80°C, 90°C, and 100°C. The
Raman microscope that was used was WITec alpha300 R with a 488 nm laser. A
spectrum was obtained by accumulation of 50 spectra, each with an integration time
of 1s.

5.3 Light absorption spectroscopy

The band gap of the hematite was analysed by measuring the light transmission as
a function of wavelength using a Cary 5000 UV-Vis-NIR spectrophotometer. The
principle behind a light transmission measurement is to compare the intensity of
two monochromatic light beams, one that passes through the sample of interest
and one that is used as a reference intensity. An I'TO sample was used as a baseline
correction, and assuming no light scattering occurs at either the ITO/Fe,O3 interface
or at the Fe;O3/overlayer interface, the adsorption A is given as

A=1-T, (5.13)

where T is the measured transmission. Measurements were performed in the interval
300 — 800 nm with a scan rate of 600 nm/min and a step size of 1 nm. A pure Fe,O3
sample was measured as well as the three optimised overlayers.
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Result and discussion

The result section is structured in the following way: first the deposition of the three
overlayers FeOOH, NiOOH, and NiFeO, is optimised both in deposition time and
temperature of the aqueous solution. The optimised electrodes are then compared
to each other by the methods described in chapter 5.

6.1 Optimisation of overlayer deposition

The optimisation is done for each of the three different overlayers: FeOOH, NiOOH,
and NiFeO,. Note that voltammetry was the only method used to optimise the
overlayers.

6.1.1 FeOOH overlayer

First, the temperature of the aqueous solution was varied, and the result is shown
in left panel of figure 6.1. The current density is increased for the temperatures
60 — 80°C, and it is clear that the two temperatures 70°C and 80°C give the highest
photocurrent densities and the lowest onset potentials. However, 80°C is considered
the optimised temperature of the aqueous solution due to the higher current density
at applied bias voltages above 1.2 Vyyg.

The optimisation of deposition time is shown in the right panel of figure 6.1.
All deposition times improve the performance of the photo-anode. The shorter
deposition time, the better performance is observed. To conclude, the optimised de-
position is 1 min in an 80°C solution. As mentioned previously, the onset potential
is an important parameter for Fe,O3 photo-anodes. In this project, the onset po-
tential is defined as the applied bias voltage where the photocurrent density exceeds
20 A /cm?. The onset potentials for all electrode used for FeOOH deposition are
shown in table 6.1. For the optimised deposition, the onset potential is lowered by
220 mV, from 1150 mVgyg for bare Fe;O3 to 930 mVgyg for the FeOOH overlayer.

Note the difference between the two bare Fe;Og3 electrodes in figure 6.1. Their
onset potentials differ as well as their current densities. The two optimisation ex-
periments were performed with samples from different Fe depositions in the Lesker
evaporator. Since other elements are used in the evaporator, there is a risk that
previously evaporated elements are deposited together with the Fe. This may cause
doping of the FesOg3 electrodes, which changes their performance. To compare dif-
ferent electrodes with each other, there is therefore of great importance that they
are fabricated under the same conditions, which they are in this project.
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Figure 6.1: Optimisation of FeEOOH overlayer deposition. Left panel: optimisa-
tion of deposition temperature. The deposition was 5 min for all samples, and 80°C
is considered the optimised temperature. Right panel: optimisation of deposition
time. All overlayers were deposited at 80°C, and the shortest deposition time of
1min gives the highest current density and lowest onset potential. Dashed lines
represent dark currents. Note that these two measurements were performed with
electrodes from different Fe depositions in the Lesker evaporator, hence they differ
from each other.

Table 6.1: The onset potentials E,,¢ for the electrodes used for optimisation of
FeOOH overlayers. The onset potential is here defined as the applied bias voltage
where the photocurrent density exceeds 20 pA /cm?.

Deposition temperature | Bare | 60°C | 70°C | 80°C | 90°C | 100°C
Eons [mMVRuE] 1060 | 980 950 950 990 1060

Deposition time Bare | 1 min | 3 min | 5 min | 8 min | 15 min
Eons [mMVRyuE] 1150 | 930 940 990 1020 1000

Overall, the FeOOH deposition is successful and improves the performance of
the FeoO3 photo-anode. It is clear that a longer deposition time gives a decreased
photocurrent density, and a possible explanation for this is that the overlayers are
too thick. The overlayer increases the diffusion path of the holes generated in the
Fe; O3, and its advantage with the surface passivation must be weighted against the
increased diffusion path, hence too thick films are inefficient. The same conclusion
has also been drawn by Kim et al. [10], although they used a deposition temperature
of 100°C and found an optimised deposition time of 5min. A possible explanation
for the differences seen in the optimisation of the temperature is the kinetics of the
chemical reactions in the solution at different temperatures. It has been reported
that several chemical reactions occur during thermal deposition of FeOOH in an
aqueous solution, and their kinetics are temperature dependent [35]. During the
thermal deposition, it was observed that the aqueous solution changed appearance at
around 80°C, from a clear to a more cloudy solution. Anyhow, the whole deposition
process is complicated and a detailed study of it is beyond the scope of this project.
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6.1.2 NiOOH overlayer

The optimisation of the NiOOH overlayer took place in the same way as for the
FeOOH overlayer. The result from the temperature optimisation is shown in the
left panel of figure 6.2. The current densities are increased, and the onset potentials
are decreased, for all electrodes compared to the bare Fe;O3 electrode. Since the
temperature 60°C gives the lowest onset potential, it is considered the optimised
temperature. No clear connection between the temperature and photocurrent den-
sity is found, but it is found that the onset potential is increased with increasing
temperature, which appears more clearly in table 6.2 that shows the onset potentials.

The deposition time optimisation is shown in the right panel of figure 6.2. All
deposition times give similar results, but 5 min is considered the optimised deposition
time due to the lowered onset potential. All NIOOH overlayer electrodes show an
improved performance as photo-anodes compared to the bare Fe,O3 electrode. For
the optimised deposition, the onset potential is decreased by 90 mV, from 1150
mVgug for the bare Fe,O3 electrode to 1060 mVyur. However, no clear connection
between deposition time and photocurrent is observed. A possible explanation is
that the deposition rate decreases with increasing film thickness, so all deposited
films have more or less the same thickness.
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Figure 6.2: Optimisation of NiIOOH overlayer deposition. Left panel: optimi-
sation of deposition temperature. The deposition was 5min for all samples, and
60°C is considered the optimised temperature, especially due to the lowered onset
potential. Right panel: optimisation of deposition time. All overlayers were de-
posited at 60°C, and the deposition time of 5min gives the lowest onset potential
and highest photocurrent density at low applied voltages. Dashed lines represent
dark currents.

6.1.3 NiFeO4 overlayer

The optimisation of the NiFeO, overlayer took place in the same way as for FeOOH
and NiOOH. The left panel of figure 6.3 shows the temperature optimisation, and
table 6.3 shows the onset potentials. It is seen that the deposition temperatures 90°C
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Table 6.2: The onset potentials E,,s for the electrodes used for optimisation of
NiOOH overlayers. The onset potential is here defined as the applied bias voltage
where the photocurrent density exceeds 20 1A /cm?.

Deposition temperature | Bare | 60°C | 70C | 80°C | 90°C | 100°C
Eons [mVRug] 1150 | 1060 | 1100 | 1120 | 1140 1140

Deposition time Bare | 1 min | 3 min | 5 min | 8 min | 15 min
Eons [mVRug] 1150 | 1120 | 1120 | 1060 | 1120 1100

and 100°C have the lowest onset potentials, and since the electrode from the 90°C
deposition shows the highest photocurrent density, it is considered the optimised
deposition temperature.

The optimisation of deposition time is shown in the right panel of figure 6.3.
The same result as for the FeOOH overlayer is observed; longer deposition times
give less improvements of the photo-anodes. However, all photo-anodes with a
NiFeO, overlayer are improved compared to the bare Fe;O3 electrode. The optimised
deposition time is considered to be 1 min, which is because of its low onset potential.
Note that both 3 min and 5 min show higher current densities at large applied
potentials, but their onset potentials are significantly higher compared to the 1 min
deposition. For the optimised deposition, the onset potential is decreased by 100
mV, from 1150 mVgyg for the bare Fe;O3 electrode to 1050 mVyyg.

08 1 12 14 16 08 1 12 14 16
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Figure 6.3: Optimisation of NiFeO, overlayer deposition. Left panel: optimisa-
tion of deposition temperature. The deposition was 5 min for all samples, and 90°C
is considered the optimised temperature. Note the surprisingly high dark current
for the 100°C electrode, and the reason for this is unknown. Right panel: optimi-
sation of deposition time. All overlayers were deposited at 90°C, and the shortest
deposition time of 1 min shows the best combination of onset potential and current
density at low applied bias voltages. Dashed lines represent dark currents.
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Table 6.3: The onset potentials E,,s for the electrodes used for optimisation of
NiFeO, overlayers. The onset potential is here defined as the applied bias voltage
where the photocurrent density exceeds 20 1A /cm?.

Deposition temperature | Bare | 60°C | 70C | 80°C | 90°C | 100°C
Eons [mVRug] 1150 | 1200 | 1100 | 1100 | 1080 1080

Deposition time Bare | 1 min | 3 min | 5 min | 8 min | 15 min
Eons [mVRug] 1150 | 1050 | 1090 | 1080 | 1040 1100

6.2 Comparison between FeOOH, NiOOH, and
NiFeOy overlayers

In this section, the optimised overlayers are compared to each other regarding current
densities, EIS, MS, surface charge separation, and light absorption. The optimised
deposition parameters for each overlayer are shown in table 6.4.

Table 6.4: The optimised thermal deposition parameters from section 6.1.

Overlayer | Temperature | Time
FeOOH 80°C 1 min
NiOOH 60°C 5 min
NiFeO, 90°C 1 min

6.2.1 Voltammetry

Figure 6.4 shows a current density comparison between the three optimised overlay-
ers. The photocurrent densities and the onset potentials are improved significantly
compared to a bare Fe,O3 photo-anode. The FeOOH overlayer gives the best result,
the onset potential is lowest and the photo-anode shows the highest current density
for all applied voltages. The shift in onset potential of 220 mV is more than twice
as much as the shift for the NIOOH and NiFeO, overlayers. The overlayers NIOOH
and NiFeO, show similar performances. Their onset potentials are more or less the
same, but the NiFeO, overlayer shows a slightly higher photocurrent density. At
the applied bias voltage 1.23 Vgpug, the photocurrent density of the Fe,O3-FeOOH
photo-anode is increased by 211% compared to the Fe,O3 photo-anode. The corre-
sponding improvements for the other photo-anodes are 102% for Fe,O3-NiOOH and
155% for FeyO3-NiFeOy,.

6.2.2 Electrochemical Impedance Spectroscopy

The EIS measurements are shown as Nyquist diagrams in figure 6.5. All four curves
are curve fitted to Hamann’s circuit. A capacitor has the shape of a semicircle
in a Nyquist diagram, so Hamann’s circuit should be used when two semicircles
are observed and Randle’s simplified circuit should be used when one semicircle is
observed. The two semicircles are easily seen for the bare Fe;O3 photo-anode, while

37



6. Result and discussion

0_5 T T T T T T T T T
Bare
—Fe00H
0.4 | | m—NiOOH
e NiF 2.0
x
R, 037
g
‘: 02r
0.1r
0 - — ) n ) - .
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

E [V] vs. RHE

Figure 6.4: The photocurrent densities for Fe,O3 photo-anodes with the three
different overlayers FeOOH, NiOOH, and NiFeO, under 1 sun irradiation. The
dashed lines are currents in dark.

the second semicircle is more difficult to see for the other photo-anodes, especially
for Fe;O3-FeOOH. However, since the shape of the FesO3-FeOOH is different from
only one semicircle, and the use of Hamann’s circuit at the applied bias voltage 1.23
Vgug for Fe,O3 photo-anodes has been reported before [29], Hamann’s circuit was
selected for all four photo-anodes. The curve fitting gives the fitted values for the
resistances and capacitances in Hamann’s circuit, and these are shown in table 6.5.
In general, the curve fitting resulted in relative large errors, hence there is a large
margin of errors for these values.

The resistance Ry is similar for the four photo-anodes, which is expected since
the resistance at the ITO/Fe;O3 interface should not be affected by an overlayer
located at the Fe,Og/electrolyte interface. The bulk resistance, Ry, is increased
for all overlayers compared to bare the FeoO3 photo-anode. This would indicate an
increased electron-hole recombination rate in the bulk, which could be due to the
higher photocurrent density observed for the overlayer photo-anodes at 1.23 Vgyg.
The values of Ry, are changed in the same way as the photocurrent densities, high-
est for Fe,O3-FeOOH and lowest for bare FesO3z. The third resistance parameter,
Ry, corresponds to the recombination rate at the FeyO3/overlayer /electrolyte inter-
face. Ry are lower for all overlayer photo-anodes, indicating the surface passivation
and co-catalyst role of the overlayers.

The capacitance Cyyy is increased for the overlayer photo-anodes, which would
indicate an increased charge separation in the space charge region, which in turn
could be a result of a shifted flat-band potential. A decreased flat-band potential for
the overlayer photo-anodes means that the applied bias voltage is further away from
the flat-band potential, hence the band bending is increased. The second capacitance
Cs is increased for the NiOOH and NiFeO, overlayers, while it is almost the same
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Figure 6.5: Nyquist diagrams for EIS measurements under 1 sun irradiation on
four different photo-anodes: bare Fe;O3, FeoO3-FeOOH, Fe,O3-NiOOH, and FeyO3-
NiFeOy. The applied bias voltage is 0.23 Vag/agc1 & 1.23 Vrug, and the frequency
range is 0.1 Hz —100 kHz.

Table 6.5: Values of resistances and capacitances in Hamann’s circuit obtained by
curve fitting of the Nyquist diagrams in figure 6.5.

Overlayer Bare | FeOOH | NiOOH | NiFeOy
R [Q] 190 210 190 190
Rpux [Q cm?] 480 960 600 820
Ry [Q cm?] 670 529 260 210
Chux [nF ecm™] | 0.90 1.20 1.30 1.40
Css [nF em™? 50 40 110 130

for FeoO3-FeOOH and Fe;O3z. A higher Cg could be a result of more holes at
surface states, which is the result from a higher photocurrent. However, a low Cy
could either result from a low photocurrent or that a higher proportion of the holes
that take part in the oxidation reaction comes directly from the valence band. As
discussed above, the shape of the Fe;O3-FeOOH Nyquist curve is unclear and more
measurements are needed for further discussion.

6.2.3 Mott-Schottky

The result from the MS measurement is shown in figure 6.6, where the MS equation
(5.6) is plotted as a function of the applied bias voltage. The MS plots are not
linear, which means that the three assumptions mentioned in section 5.1.3 are not
fulfilled. However, the graphs appear to be linear in the interval 1.0 — 1.2 Vgyyg, and
the data in this interval is fitted to a linear plot in order to estimate the flat-band
potentials of the photo-anodes. The flat-band potentials are estimated according to
the relationship mentioned in section 5.1.3 and the result is shown in table 6.6. The
flat-band potentials are lowered by 160 — 180 mV for the overlayers compared to
the bare Fe,O3 photo-anode, which is consistent with the increased values of Cyy
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obtained under illumination in the EIS measurements, see table 6.5.
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Figure 6.6: Mott-Schottky measurements in dark for the different photo-anodes
bare Fey,O3, FeoO3-FeOOH, FeyO3-NiOOH, and Fe;O3-NiFeO, obtained at 1kHz.
Linear plots are extrapolated from the interval 1.0 — 1.2 Vgyyg and plotted as dotted
lines to estimate the flat-band potentials of the different photo-anodes.

Table 6.6: The estimated flat-band potentials from the Mott-Schottky measure-
ment.

Overlayer | Bare | FeOOH | NiOOH | NiFeO,
Eg, [mVgug] | 870 710 690 700

6.2.4 Surface charge separation

Figure 6.7 shows the comparison between the current densities obtained in the or-
dinary 0.1 M NaOH electrolyte and in an electrolyte that contained an addition
of 0.3M H50,. Overall, the onset potential is lowered significantly and the pho-
tocurrent densities are increased with the addition of HyO,. From these curves,
the charge separation efficiency for each photo-anode are calculated according to
Nsurf = JH,0/JH,0,, and the result is shown in figure 6.8. The surface charge sepa-
ration efficiency is highest for the Fe;O3-FeOOH and Fe;O3-NiFeO, photo-anodes,
while the NiOOH overlayer does not improve the charge separation efficiency no-
ticeably compared to the bare Fe;O3 photo-anode.
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Figure 6.7: Comparison between the current densities obtained in 0.1 M NaOH and
0.1M NaOH + 0.3M H,0O, electrolyte. Upper left panel: comparison for bare
Fe;O3 photo-anode. Upper right panel: comparison for Fe;O3-FeOOH photo-
anode. Lower left panel: comparison for Fe,O3-NiOOH photo-anode. Lower
right panel: comparison for Fe,O3-NiFeO, photo-anode. Note that the photocur-
rents obtained in the 0.1 M NaOH electrolyte differ from the ones presented in figure
6.4, which is due to instability issues with the photo-anodes. Dashed lines represent
dark currents.
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Figure 6.8: Surface charge transfer efficiency 7. as a function of the applied bias
voltage. The surface charge separation efficiency is, especially at low applied bias
voltages, increased for the FeOOH and NiFeO, overlayers. Note that the NiOOH
overlayer, unlike to the other two overlayers, does not increase the surface charge
separation efficiency significantly.
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6.2.5 Light absorption

The light adsorption spectra for the photo-anodes are shown in figure 6.9. There
are no significant differences between bare Fe;O3 photo-anode and the photo-anodes
with deposited overlayers, which most likely is because the deposited overlayers are
ultrathin. A FeOOH overlayer deposited during 5 min with a similar deposition
method has been reported to have a thickness of 2 nm [10]. This shows that the
increased performance of the overlayer photo-anodes is not a result of increased light
absorption.
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Figure 6.9: Absorption spectra as a function of photon energy for the three opti-

mised overlayer photo-anodes and a bare Fe,O3 photo-anode. Note the bandgap of
FeyO5 that is located around 2eV.

6.3 Raman spectroscopy

The Raman measurements did not show any differences between photo-anodes with
different overlayers. This is probably because the overlayers are ultrathin, so any
signal from the overlayers would be too low to notice. The samples directly from
the aqueous solutions did not shown any clear differences between each other, and
Raman peaks reported for FeOOH [36] and NiOOH [37] are not present in the
spectra. However, peaks in a bare Fe,O3 sample were observed, see figure 6.10, and
they agree well with the peaks reported for Fe,O3 [36].
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Figure 6.10: Raman shifts for a bare Fe;O3 photo-anode. Several peaks are ob-
served and they are consistent with reported peaks for Fe,Os5.
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Conclusion

This Master’s thesis has analysed the ability to improve the photoelectrochemi-
cal hydrogen generation from water splitting using ultrathin overlayers on Fe,O3
photo-anodes. Three different overlayers were deposited on FesO3 samples; FeOOH,
NiOOH, and NiFeO,. The Fe,O3 samples were immersed in a hot, aqueous solution
containing different chemicals in order to deposit an ultrathin overlayer. All three
overlayers were deposited successfully, and the two deposition parameters tempera-
ture of the aqueous solution and deposition time were optimised for each overlayer.
All three overlayers showed an increased photocurrent density as well as a decrease
in the onset potential compared to the bare Fe,O3 photo-anode. Improvements of
these two, very important parameters in a PEC cell, shows the potential for ultrathin
overlayers to be further investigated in the future.

The three different overlayers were also compared to each other in a series of mea-
surements. The Fe;O3-FeOOH photo-anode gave the highest measured photocurrent
density and the lowest onset potential. Overall, the three overlayers showed similar
differences to the bare Fe;O3 photo-anode, for examples the lowering of the flat-band
potential, onset potential, surface state resistance, and increasing of photocurrent
density, surface charge separation efficiency, bulk resistance, etcetera.

An issue that has been dealt with during the entire project is the instability of
the Fe;O3 photo-anodes. One of the advantages with Fe,O3 in general is its sta-
bility, and several stable long-time measurements have been reported [10, 11]. The
unstable photo-anodes complicate characteristic measurements, which for instance
can be seen in the measurement with the addition of HyO in the electrolyte. The
voltammetry results obtained in the ordinary electrolyte show lower current densi-
ties and higher onset potentials compared to the first measurements done on the
same electrodes. It is, of course, not optimal to compare electrodes that for some
unknown reason not perform as they should. The basic properties of these uniform
Fe;O3 photo-anodes should be analysed in order to be able to fabricate reproducible
electrodes that give the same result and are stable in time. This may, however, be
difficult if the Fe deposition takes place in an evaporator that also handles other
elements that may dope the Fe;Os.

7.1 Outlook

Although no actual calculation was done on the total solar-to-hydrogen conversion
efficiency, these thin Fe;Os+overlayer photo-anodes are far from the benchmark
efficiency of 10%. However, the purpose with project was not to achieve as high solar-
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to-hydrogen efficiency as possible, but to analyse the effect of overlayers on Fe;Os.
A future project could be to deposit these overlayers on a nanostractured Fe,O3
sample with a much higher surface to volume ratio. Other characterisation methods
could be utilised to study the ultrathin overlayers and their composition, for instance
X-ray photoelectron spectroscopy for composition measurements, and transmission
electron microscopy for imaging the overlayers and measure their thickness.

In conclusion, hydrogen generation via water splitting is a promising field which
has made great progress the last decades. The step to large-scale commercial use
may seem far away, but there is a lot left to learn and develop. I think and hope
that the future is waiting for the breakthrough in this field, so that I in 50 years
can look back at this thesis with a smile and realise what great progresses that have
been made.
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