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Abstract

Abstract

Semiconductor photocatalysis has gained increasing research interests in the application
of solar fuel production and wastewater treatment. A key challenge for these applications
is to reduce the photogenerated charge carrier recombination losses. Materials with polar
structure such as the ferroelectrics are promising to address this challenge owing to the
efficient separation of charge carriers by the internal electric filed present in ferroelectric
materials. In this thesis, the composition and ferroelectric effect on the photocatalytic

properties of BiFeOs; and BaxSri.xTiO3 have been investigated.

BiFeO3 thin films were synthesized and employed as photoelectrodes for photocatalytic
studies. Fundamental studies have been carried out to understand the complex nature of
BiFeO; and the corresponding photocatalytic performance. A bias-dependent switchable
photocurrent direction in BiFeOs; thin films was observed. The BiFeOs photoelectrode
exhibits either cathodic or anodic photocurrents depending on the applied bias, presenting
both the characteristics of p and n type semiconductor photoelectrodes. This phenomenon
was attributed to the specific bandgap structure of the as-prepared BiFeOs, in which the
depletion region can arise following both upward and downward band bending at the

electrode/electrolyte solution interface. Determination of the bandgap structure of BiFeOs
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photoelectrodes from its photoelectrochemical (PEC) performance suggests strategies for
probing semiconductor electronic structure by PEC method and provides fundamental
insight on understanding of the switchable photocurrent direction in semiconductor

photoelectrodes with Fermi level position not close to the conduction/valence band edges.

Meanwhile, Bi2FesO9, one of the parasitic phases of BiFeOs, has been found to be a
promising photoelectrode material with high visible light photocatalytic activity and good
stability for the first time when conducting study of the compositional effects on bismuth
ferrite. Phase pure BizFe4Oy (Indirect Eg ~ 2.05 eV) thin films have been prepared by the
chemical solution deposition (CSD) method. It shows a photocurrent of 0.1 mA/cm? at
1.23 V vs NHE under simulated AM1.5G illumination and 0.05 mA/cm? under visible
light (A > 420 nm). The addition of H>O; as a hole scavenger increased the photocurrent
to 0.25 mA/cm? under full AM1.5G illumination, indicating hole injection is one limiting

factor to the performance.

Single-domain BaxSrixTiO3 powders were prepared to further demonstrate the effect of
ferroelectricity free from the domain wall contribution. Two compositions of
BaxSri«TiO3 powders, Bao2SrosTiO3 and BaosSro2TiO3 were obtained by molten salt

method and their composition, structure and photocatalytic activity have been
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investigated. Photodegradation of organic dye molecules has been carried out to evaluate
the photocatalytic activity of the BaxSrixTiO3 powders. The results showed that
BaosSrpTiO3 with polar structure has a degradation rate of almost twice of that of
Bag2SrosTiO3 with non-polar structure, demonstrating that the internal electric field
resulting from the ferroelectric polarization can speed the photoexcited charge carrier

separation and improve the photocatalytic efficiency.

This research reveals the characteristic photocatalytic behaviors of the Bismuth- and
Barium-related perovskite structure materials, which will benefit the future work on

ferroelectric photocatalysts.
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Chapter 1

Chapter 1 Introduction

1.1. Background

Development of renewable energy resources is one of the most important tasks in this
century for human beings, due to the global depletion of fossil fuels, increasing energy
demand and the environmental concern. Solar energy is the most abundant and clean
renewable energy resource from nature, and how to convert and store it as other energy
forms such as chemical or electrical energy has received tremendous attention in the past

decades!.

Semiconductor materials have been utilized as photocatalysts for harvesting solar energy,
which can transform absorbed solar energy into excited charge carriers. When a
semiconductor is under solar light illumination, electrons can be excited from the valence
band to the conduction band, leaving holes with the equal number in the valence band.
The photoexcited electrons and holes will have a chance to migrate to the semiconductor
surface and conduct redox reactions with adsorbates molecules from the outside
environment. Different products can be obtained from this procedure depending on the

species reacted with the photoexcited charge carriers. For example, solar fuels like
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hydrogen can be obtained by water splitting and hydrocarbon can be obtained by CO>
reduction. In addition, for the application of photodegradation of organic dyes, the dye
molecules can be oxidized or reduced to degrade to smaller molecules. Despite the
electrons and holes migrated to the semiconductor surface, there will be a high chance for
them to recombine with each other in the bulk before reaching the surface. This part of

energy will be lost by a form of heat or emitted light.

Charge recombination losses during solar energy conversion procedure has been a key
challenge for the improvement of light utilization efficiency. To minimize the charge
recombination losses after light absorption, different methods such as the use of
heterojunctions and electric fields have been introduced to the photocatalysts to create
band bending/polar fields to speed the photoexcited charge carrier separation inside the
catalysts and drive photoexcited carriers to different surface sites of the photocatalysts.
One route to achieve this is to use ferroelectric materials, the polar structure of which can
create internal electric field within the material and speed the photoexcited charge carrier

separation.

A ferroelectric material possesses a polar structure, in which spontaneous polarization is

produced by the displacement of individual positive and negative charges in the crystal
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structure. The spontaneous polarization induces the internal electric field and surface
band bending, which can have a significant influence on the migration of photoexcited
charge carriers. Photoexcited electrons and holes will be driven to opposite directions
under the force of the internal electric field, and migrate to separate surface sites for the
later reactions. The surface band bending can act as thermal barriers which can further
inhibit electrons and holes recombination. The unique property of ferroelectric material
has aroused increasing interest for their application in solar energy conversion.
Investigation of photocatalytic performance of the ferroelectric material and a
fundamental understanding of the influence from ferroelectric polarization are expected

to contribute to the development of next generation photocatalysts.

1.2. Thesis Structures

This thesis has 7 chapters and they can be summarised as below:

Chapter 1: This chapter is an introduction to the research background and a summary of

the thesis structures.

Chapter 2: This chapter is the literature review. It gives an overview of the semiconductor
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photocatalysis and the application of ferroelectric materials as photocatalysts. The history,
basic principles and characterisation of semiconductor photocatalysis have been reviewed.
The definition of ferroelectric materials and their unique properties benefitting the
application in photocatalysis have been reviewed. 3 materials used in the research has

been introduced and the aim and objectives of this research have been justified.

Chapter 3: This chapter gives the details of material synthesis and characterisation

methods used in this work.

Chapter 4: This chapter investigates origin of the switchable photocurrents in the as-
prepared BiFeOs film electrode. The PEC performance and band diagram of the BiFeOs3
film have been studied. The relationship between the band diagram and switchable
photocurrents has been investigated and explained. The specific Fermi level position of
the BiFeO;s film is believed to lead to the switchable photocurrent under different applied

bias.

Chapter 5: This chapter reports a novel photoanode material — BioFe4Oo, which shows
high visible light photoresponse. The PEC performance and band structure of the

BixFe4Oo have been studied. The as-prepared Bi2FesOpo film has a narrow band gap with
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the band positions straddling the reduction and oxidation potential of water, making it a

good candidate material for overall water splitting reaction.

Chapter 6: This chapter investigates the effects of ferroelectricity on photocatalytic
activity of single grain single domain BaxSri«TiO3 (x = 0.8, 0.2 ) powders. The structure,
composition and optical properties of the as-prepared barium strontium titanate powders
have been studied. The polar structure dependence on grain size of the powders and
temperature has been investigated to confirm the two samples used for studying the effect
of ferroelectricity on photocatalytic activity are polar and non-polar structure respectively.

The advantage of the polar structure on photocatalytic performance has been discussed.

Chapter 7: This chapter gives a summary of conclusions and suggests future work that

can be done to further the current research work.
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Chapter 2 Literature Review

2.1. Semiconductor Photocatalysis

2.1.1. Overview and history

The diminishing supply of fossil fuels and growing environmental problems is becoming
a more and more serious challenge. Developing and utilization of the sustainable and
renewable energy resources is one of the most important tasks for scientific researchers
nowadays. As a clean, reliable and renewable source of energy, solar energy has gained

extensive attention for its promising application as the next generation energy resource.

To absorb, transfer and store the energy from the sun, it calls for specific materials that
can work as the energy transformation media. Inspired by photosynthesis, people have
been pursuing materials that can work like a plant, converting and storing solar energy
into chemical bonds and/or electricity. The first breakthrough was reported by Fujishima
and Honda in 19722, They demonstrated that it is feasible to conduct photo-assisted water
splitting using an n-type TiO» photoelectrode by band-gap excitation. H> can thus be
produced from water splitting. In 1979, photocatalytic reduction of CO> to organic

hydrocarbon compounds was reported by the same group®. Later it was found that TiO»
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can also be used to degrade organic dye pollutants in wastewaters*. However, TiO2 has a
large band gap of 3.2 eV and can only absorb ultraviolet (UV) light that is < 5% of solar
light, resulting in a low theoretical solar energy conversion efficiency'. Significant efforts
have been made since then to find out the candidate materials or material systems with
visible-light activity to achieve higher efficiency in the applications of hydrogen
production from water splitting, hydrocarbon generation by photoreduction of CO, and
wastewater treatments'>®. The study of semiconductor photocatalysis has provided new
avenues to produce sustainable solar fuel and solve environmental problems by making

use of the expansively available sunlight.

2.1.2. Electronic band structure of semiconductors

The concepts of the band model is developed in order to describe electron transfer to or
from a solid electrode. The band model of solids stems directly from the picture of atomic
energy levels. A band is composed of a continuum of energy levels from atomic orbitals’.
The orbitals occupied by the valence electrons is called the valence band (VB) and the
band associated with the first excited state, normally unoccupied by electrons, is called
the conduction band (CB)®. The energy gap between the lower edge of the conduction

band and the upper edge of the valence band is defined as band gap (E,)’.
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Figure 2.1 The band model of solids’.

Conductivity of a solid requires the conduction band being partially occupied. This can
be realized by promoting electrons from the valence band to the conduction band. In
insulators, the band gap is too large for electrons to be promoted. While in metals, the
conduction and valence bands overlap and the conduction band is readily occupied. If the
band gap is within a certain range, the material is defined as semiconductors, in which
the electrons can absorb external energy and be excited to the conduction band. A

schematic view of the band model of solids is shown in Figure 2.1.

The Fermi energy and the Fermi-Dirac distribution are used to accurately describe the

distribution of electrons and holes in a solid. The Fermi function f, which is defined as
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the probability that a level at energy E is occupied by an electron®, is given by:

f = 1[1+ exp(E — Er)/kT] Eqn (2.1)

where Eris the Fermi energy, £ is the Boltzman constant, and 7 is the temperature. If the
energy level E is at the Fermi energy, the probability of occupancy is exactly 50%,

according to equation 2.1.

The position of the Fermi energy can be varied dependent on the concentration of
electrons and holes in the semiconductor. In an intrinsic semiconductor, electron
concentration in the conduction band is equal to hole concentration in the valence band,
so the Fermi energy is in the middle of the band gap (Figure 2.2a). In an extrinsic
semiconductor, the carrier concentration can be changed by the doping level and one type
of carriers will predominate, thus the Fermi energy moves depending on the majority
carriers. An n-type semiconductor is defined as in which electrons are the majority
carriers, with the Fermi level more close to the conduction band (Figure 2.2b). And a p-
type semiconductor has holes as the majority carriers, with the Fermi level more close to

the valence band (Figure 2.2c¢).
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Figure 2.2 Fermi energy of intrinsic semiconductor (a) and extrinsic semiconductor (b) n-type and

(c) p-type.

2.1.3. Basic principle for semiconductor-based photocatalysis

The fundamental steps in the photocatalysis procedure can be summarized as: charge
generation by photo absorption, charge separation and redox chemistry at the interface.
As shown in Figure 2.3, under illumination, electrons in valence band can be promoted
to the conduction band and leave mobile holes in the valence band. The photogenerated
electrons and holes will have several pathways to go, as depicted in the scheme. They can
either migrate to the surface, or recombine in the bulk. Those arrived to the surface can

take part in the redox reactions, while there’s still a big chance for them to recombine at
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the surface simultaneously. Recombination of the photogenerated electrons and holes will
loss the absorbed photoenergy as heat or light, which will significantly limit the

photocatalytic efficiency.

Figure 2.3 Schematic illustration showing the photocatalysis procedure in a semiconductor. (a)
Charge carrier recombination at the semiconductor surface (b) Charge carrier recombination in
the semiconductor bulk. The electrons and holes will take part in the redox reactions at the surface,

shown in (c) and (d). A is an electron acceptor and D is an electron donor!®,

2.1.4. Photochemistry on the semiconductor surface

The photochemical process, which happens near/on the surface of the photocatalysts, is

the pivotal part of the whole photocatalytic procedure. The study of photochemistry
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involves that of: (1) the energy levels in the semiconductor and electrolyte solution, (2)
junction formation at the semiconductor/electrolyte interface, and (3) the light absorption

and charge transport.

2.1.4.1. The energy levels in the semiconductor and electrolyte solution

Understanding the energy levels in the semiconductor and electrolyte solution is of
importance before further study of the system performance under illumination. The
electrochemical potential of electrons is determined by the Fermi level in the
semiconductor and that of the electrolyte solution is determined by the redox potential of
the redox couples present in the electrolyte. Generally, an energy diagram is used to give
the energy levels information of electrons in solids and their relation to redox couples in
the solution. Figure 2.4 is a schematic of the semiconductor band diagrams presented
against the vacuum level and the normal hydrogen electrode. The energy scale in Figure
2.4 uses the vacuum level and the normal hydrogen electrode (NHE) as a reference. They
are the two common energy scales used in chemical physics. In the vacuum scales of
energy, the zero energy is the energy of an electron at infinity, and in electrochemistry,
the zero energy is the Fermi energy of the hydrogen reference electrode under standard

conditions'!. The hydrogen reference electrode energy is considered to be very close to
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4.5 eV below the vacuum level. The two energy scales are usually used together to give

a clear description of the semiconductor and electrolyte solution energy levels.

Vacuum Level

0.0 e - 4.5
A -05 — -40
-1 L -3.0
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-35 —+ -10
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>
@ -45 —— 0.0 E,
i
E; = Band gap -55 - *10
-6.5 1 +20
-7.5 4+ +3.0
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Energy Scales

Figure 2.4 Schematic illustration of the semiconductor band diagrams presented against the
vacuum level and the normal hydrogen electrode. (E. is conduction band, Ev valence band, Er the

Fermi level, E; the band gap, Eo the energy of a free electron at the Hz redox potential)!2

2.1.4.2. Junction formation at the semiconductor/electrolyte interface

When a semiconductor comes into contact with an electrolyte solution, electrons will
transfer in or out the semiconductor to make their electrochemical potential be the same
between the two phases. An equilibrium will then be reached at the

semiconductor/electrolyte interface. Resulting from charge transfer, an excess of charges
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will locate adjacent to the semiconductor surface and form a charge region called the
space charge region, the width of which is about 100-1000 A. Band bending at the
semiconductor surface will arise simultaneously with the formation of the space charge

region.

flat band depletion layer accumulation layer inversion layer
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Figure 2.5 Schematic diagrams of the energy levels and charge densities from an n-type
semiconductor surface to the bulk. D is the width of the space charge region, n. is free electron

density, nn is free hole density and n; is intrinsic carrier density!®.

If taking an n-type semiconductor as the example, the space charge region of three forms
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can be presented in the following schematic diagrams (Figure 2.5). The three forms of
space charge region are named as depletion region (Figure 2.5b), accumulation region
(Figure 2.5¢) and inversion region (Figure 2.5d), respectively. They are used to describe
the band bending at the semiconductor/electrolyte solution interface and give out the
information of the charge carriers in the space charge region. For an n-type semiconductor,
its Fermi level is normally above the electrolyte solution redox potential (typically the
water redox potential). Thus the equilibrium between the two phases can be reached by
transfer of electrons from the semiconductor to the electrolyte solution and this produces
a positive space charge region in the semiconductor, which is named the depletion region
because the surface region is ‘depleted’ of the majority carriers. Correspondingly, the
conduction and valence band edges will bend and a potential barrier will be formed to
stop further electron transfer into the electrolyte, as shown in Figure 2.5b. The other
situations can occur when the semiconductor works as an electrode in a PEC cell, where
bias can be applied to shift the semiconductor Fermi level and thus the associated space

charge region type.

When the applied potential drives the Fermi energy of the semiconductor equal to the
electrolyte solution redox potential, there will be no band bending at the semiconductor

surface. This potential is termed as the flatband potential, Es. This is illustrated in Figure

10
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2.5a. When a potential positive of the flatband potential is applied to the semiconductor,
the Fermi level will shift positively with the upward band bending arising at the surface.
The depletion region arise. If, the applied bias is sufficiently large and drives the Fermi
level below the intrinsic level (n;), electrons will be extracted from the valence band, the
space charge region will become an inversion layer then (as shown in Figure 2.5d). When
a potential negative of the flatband potential is applied to the semiconductor, an excess
majority charge carrier (electrons) will be injected into the space charge region, an
accumulation region will be formed, this is the situation in Figure 2.5¢. An inverse but

analogous situation goes for a p-type semiconductor.

Under dark conditions (no illumination), when the semiconductor and the electrolyte
solution achieve equilibrium and the depletion layer is formed near the semiconductor
surface, there will be few charge carriers available for charge transfer. But if an
accumulation layer is formed under applied bias, the semiconductor electrode will behave

as a metallic electrode, since an excess of majority charge carrier exists.

2.1.4.3. Light absorption and charge transport

The light absorption and charge transport procedure can be well revealed from the -V

curve of a semiconductor photoelectrode, which is the plot of the current density vs

11
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applied bias. A typical I-V curve for an n-type semiconductor electrode in the dark and
under illumination is presented in Figure 2.6. It is composed of three regions depending
on the applied bias. At bias negative of the flatband potential (Region I), currents will be
generated no matter under dark or illumination due to the existence of the accumulation
layer. The electrode acts as a cathode in this case. At bias equal to the flatband potential,
there will be no current either under dark or illumination (Region II). At bias positive of
the flatband potential (Region III), there will be no current under dark and photocurrents
will be generated under illumination. In this situation the depletion layer exists and the
electrode works as a photoanode, with holes moving to the interface and electrons

extracted from solution species.

12
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Figure 2.6 Typical I-V curves for an n-type semiconductor (a) in the dark and (b) under

illumination. i, is anodic current density, i» is cathodic current density’.

2.1.5. Main factors affecting photocatalytic efficiency

Photocatalytic efficiency refers to the overall solar-to-current or solar-to-chemical
conversion efficiency'®. The solar-to-current  conversion  efficiency  for
photo(electro)catalytic systems is usually assessed by two calculations: the applied-bias
photo-to-current efficiency (ABPCE) and the incident photo-to-current efficiency
(IPCE)"®. The solar-to-chemical conversion efficiency refers to the solar-to-hydrogen

conversion efficiency (STH) in water splitting, while it can have other forms dependent

13
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on the different chemicals obtained'?.

Both intrinsic and extrinsic factors can contribute to the photocatalytic efficiency. The
intrinsic factors refer to the physical characteristics of semiconductor photocatalysts, and
the extrinsic factors relate to the material characteristics that are inherited from the

synthesis procedure and thus can be varied.

2.1.5.1. Intrinsic factors

Intrinsic factors include mainly three aspects. The first is the band-gap energy of the
photocatalysts. The light absorption ability of a photocatalyst is determined by its
bandgap. If the absorption spectrum of a photocatalyst is large, it will be able to absorb
more sunlight and improve the conversion efficiency. As a result, it requires a
photocatalyst to have smaller band gap, that is to say, a wider light absorption spectral
range. The bandgap of a semiconductor should be smaller than 2.35, 2.11 or 1.93 eV, to
achieve an theoretical efficiency of 10 %, 15 % or 20 %, respectively'®. Figure 2.7 is an
illustration of the theoretical maximum solar-to-hydrogen (STH) efficiency dependent on

the semiconductor band gaps'.

14



Chapter 2

900 800 700 600 500 400 300

Wavelength (nm) -40
-35
—~~ 40" L (\IA
X -30 £
- -
(&

o -25
g B
é‘) & (17.8%, 14.5mA/cm?’) 20 §
L I =

20 > =
= 6 L
— 15 8
n ©
10 £
10+ -
cm’)} 5
2.2%, 1.8mA/cm®)—— [
0 : (2.2% cm®) : 0

15 20 25 30 35 40 45
Band Gap (eV)

Figure 2.7 Illustration of the STH efficiency and photocurrent density of photoelectrode
dependence on the band gap'.
Secondly, the band edge positions of the photocatalyst need to be appropriate in order to
carry out effective reduction/oxidation reactions with the target chemicals, which means
the CB and VB edges should straddle the redox potential of the photocatalytic reaction.
That is, in the water splitting reaction, the CB edge needs to be higher than the water
reduction potential and the VB edge need to be lower than the water oxidation potential
to promise the overall water splitting. A schematic example of a photocatalyst with
preferable bandgap structure for water splitting is shown in Figure 2.8. The band edge

positions of some representative semiconductors are shown in Figure 2.9.
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Figure 2.8 Energy diagram of a semiconductor photocatalyst capable of conducting
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Figure 2.9 Band positions of several representative semiconductors with the energy scale against the

normal hydrogen (NHE) and the vacuum level as a reference!’.
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The third intrinsic issue limiting photocatalytic efficiency is the recombination of
photogenerated charge carriers. Recombination can happen both in the bulk and on the
surface of the semiconductor. The photoenergy will be lost in the form of heat or light if
electrons and holes recombine with each other, which is unfavorable for photocatalysis.
Charge recombination is related to the intrinsic carrier diffusion length of the

semiconductor, Lp, which is a function of the charge mobility x, and the carrier lifetime

Lp = (kTut/e)®? Eqn (2.4)

Reported Lp values of typical semiconductor photocatalysts range from a few nanometers
(such as Fe;03'® and Ti02!%) to a few tens of nanometers (such as BiVO4?°), thus they

usually suffer from a high recombination rate'®.

The recombination issue can be mitigated by the use of internal electric field in
photocatalysts'?. Internal electric field exists in the p-n junctions, polar surface
terminations, polymorph junctions and ferroelectric phenomena'?. The electric fields
presented in the first three sources originate from the energy level differences at phase
boundaries and the last one arise from the spontaneous polarization in ferroelectrics. A

schematic illustration of these internal field sources are shown in Figure 2.10.
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Figure 2.10 The internal electric field in the photocatalysts which arising from: (1) Ferroelectric

polarization (2) p-n junction (3) polar interfaces (4) polymorph junctions'?.

2.1.5.2. Extrinsic factors

Extrinsic factors usually include the particle size, particle shape, crystallinity, defect
structures and so on. Particle size determines the surface-to-volume ratio of the
photocatalysts and can affect the reaction rate. In the photocatalytic procedure, the
carriers will be firstly generated in the bulk and then migrate to the surface to carry out
further catalytic reactions. Smaller particle sizes allow for a larger specific surface area

and hence more reactive sites, and meanwhile a shorter carrier migrating distance from

18
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the bulk to the surface, which is beneficial for the overall reaction rate. While from the
perspective of the electronic structure, if the particle size is too small, sufficient space
charge regions can not be generated at the semiconductor/electrolyte solution interface!.

Thus, the electric field over the space charge region will be smaller in small particles?.
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Figure 2.11 Illustration of the band bending for an n type semiconductor in electrolyte solution. (a)
R is larger than La (b) R is smaller than the La'%

A schematic illustration of the band structure of two particles (supposed to be spherical

particles) with the radius, R, smaller and larger than width of the space charge region, is

shown in Figure 2.11'2. Thus the particle size of a photocatalyst should be chosen as a

compromise between the aforementioned pros and cons. A particle size around twice of

the space charge region width of the particular semiconductor photocatalyst has been

19
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suggested to be appropriate'>2!.

The shape of the photocatalysts also has an influence on the catalytic efficiency. The study
of effects from catalysts shape can be grouped mainly to two kinds. The first focuses on
the development of one-dimensional nanostructured photocatalysts such as nanorods,
nanowires, nanosheets and so on. It has been demonstrated in several 1D nanostructured
materials such as CdS?*, ZnO** and GaN?’ that increasing the aspect ratio can lead to an
activity enhancement, possibly due to enhanced charge carrier transport from bulk to the
surface along the axis directions®®. The second relates to the reactivity difference of
different facets of single crystals. One representative example is the work by Li et. al?’
on the selective deposition of oxidation and reduction products based on faceted BiVO4
crystals. It was found that Pt (reduction) and MnOx (oxidation) were preferably loaded
onto the {010} and {110} facets respectively, indicating that electrons and holes tending
to migrate to different crystal facets. As a result, efficient charge separation can be
achieved. Figure 2.12 shows SEM images of BiVOj4 crystals with the photo-deposited Pt

and MnOx on different facets’’. This phenomenon has been attributed to the

electrochemical potential differences possibly existed on different surfaces/directions.
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Figure 2.12 SEM images of BiVO4 with single metal/oxide deposited on different facets. (a)
Pt/BiVOs4 (b) MnOx/BiVO4*".
The degree of crystallinity and associated defects content of the photocatalysts is another
important factor. Crystal defects such as grain boundaries and dislocations can act as
recombination centers of carriers and have an negative influence on the photocatalytic
efficiency. Therefore, improved crystallinity is beneficial for improved bulk transport and
reduced recombination in photocatalysts. Generally, prolonged thermal treatment can
reduce the non-equilibrium defects and increase the crystallinity degree. However, this is
usually accompanied by the growing of the particle and even phase transformation of the
catalysts, which will in turn offset the advantage. For example, in the study of TiO»,
increasing the crystallinity of the anatase phase by post-annealing will cause the

generation of the rutile polymorph phase which has lower reactivity?®2°. Thus, it is
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important to consider the effects of size, shape and crystallinity with caution when

designing and processing the material/material systems for photocatalyst application.
2.1.6. Photocatalytic activity characterisation

Photocatalysts are normally in two forms, either films or powders. Film photocatalysts
are usually applied as photoelectrodes in a PEC cell. Powdered photocatalysts are more
commonly used for organic pollutants degradation. A brief illustration of how the two
forms of photocatalysts take part in the photocatalytic procedure is presented in Figure

2.13.
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Figure 2.13 Schematic illustration of (a) photoelectrochemical cell and (b) powdered

photocatalysts'2.
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For film catalysts applied in a PEC cell, the most common method to assess the
photocatalytic activity is to measure the photocurrent density. The amount of the produced
chemical products (typically gases) can also be measured to give more accurate
calculation of the solar to energy transformation efficiency. The mechanism of how a PEC
cell works has been discussed in the last section. The photoexcited charge carriers can be
separated in the depletion region efficiently, migrating to opposite directions and
participating in the redox reactions separately on the surface of the working electrode and
the counter electrode. An external bias can be applied on the working electrode, which
can change the Fermi level position of the semiconductor and lead to more band bending

and thus more driving force to separate the charge carriers.

Particulate photocatalysts are often used in photodegradation of organic dyes due to their
high specific surface area. Organic dyes are one of the most common water pollutants
from industry discharge due to their widely use in textiles, paper, cosmetics, food and
many more applications. The dye degradation rate can reveal the activity of the
photocatalysts. The photocatalytic dye degradation can be generally summarized as four
steps: photoexcitation, ionization of water, oxygen ionosorption and protonation of
superoxide. The mechanism of photocatalytic degradation of organic pollutants is shown

as below. Taking TiO2 as the photocatalyst and Rh B as the organic pollutant for the
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There are also other methods to study the photocatalytic performance of semiconductor

photocatalysts, involving the gas phase pollutants for air treatment, photocatalytic

disinfection, and photocatalysis for organic synthesis such as the photoreduction of CO-

to hydrocarbon products®>!. The characterisation methods used in this study are the PEC

cell and dye-degradation, thus we will give no detailed discussion of the other methods

or applications here.
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2.2. Ferroelectric Materials

2.2.1. Definition

The origin of ferroelectricity comes from the unique crystal structure. In the 32 point
groups, 11 are centrosymmetric and thus cannot exhibit polar properties. Of the remaining
21 non-centrosymmetric groups, 20 classes are termed as piezoelectric crystals, which
have the property that polarization can be induced under applied mechanical stress, and
conversely, mechanical deformation can be produced with the application of an electric

field. Among the 20 piezoelectric classes, 10 have a unique axis of symmetry (are polar)
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Figure 2.14 Schematic illustration of piezoelectric, pyroelectric and ferroelectric materials’2.
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and electric polarization exists in the absence of an applied field (named spontaneous
polarization). The spontaneous polarization in these polar materials changes with
temperature, thus crystals belonging to these 10 classes are called pyroelectric materials.
If the spontaneous polarization direction of a pyroelectric material can be reversed by the
application of an electric field, this pyroelectric material is called ferroelectric. Figure

2.14 shows the relationship among piezoelectric, pyroelectric and ferroelectric materials.

A simple definition for a ferroelectric material is: A ferroelectric is a crystal that possesses
reversible spontaneous polarization as exhibited by a ferroelectric hysteresis loop**, and
it can be characterised by three features: Curie Point (7¢), Spontaneous Polarization (Ps)

and Domain Wall (DW).

2.2.2. FE Curie point

The spontaneous polarization in a ferroelectric material changes with temperature. It
exists in the low-temperature non-centrosymmetric phase and disappears when
transformed to a high-temperature centrosymmetric phase. The temperature at which the
spontaneous polarization disappears is called the Curie Temperature, 7.. The relative

properties of the ferroelectrics, such as the dielectric, thermal and elastic performances,
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usually become abnormal around 7.

Ferroelectric materials can have more than one phase transformation. For example, one
of the most well-known ferroelectrics, barium titanite (BaTiOs), has four phases with
temperature change. Above 7. (393 K), it has a cubic structure where there is no
polarization. Below 7. (393 K), it transforms to a tetragonal phase which has a
polarization direction along the [100] direction. When it is cooled further, the phase will
change to orthorhombic as it reaches ~ 278 K, with the polarization direction along [011].
And then the rhombohedral below 183 K, with the polarization direction along [111]. A
schematic illustration of the phase transformation of BaTiO3 with temperature is shown

in Figure 2.15, together with the dielectric permittivity change.
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Figure 2.15 Schematic of BaTiOs phase transformation with temperature.
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2.2.3. Spontaneous polarization and screening

Spontaneous polarization is the key characteristic feature of a ferroelectric. It comes from
the displacements of individual positive and negative charges in the crystal structure of a
ferroelectric material. Take BaTiO3 as the example to introduce the polarization effect.
The schematic graph of two BaTiOs crystal structures at temperatures below and above
T. are shown in Figure 2.16**. When T > T, the crystal has a cubic structure and no
spontaneous polarization exists (Figure 2.16a). When T < T¢, the octahedral cages of
oxygen distort and the Ti and Ba sublattices are shifted relative to the negatively charged
oxygens, producing a polarization. This shift breaks the cubic symmetry, resulting in six
symmetry-equivalent variants with polarization along the X, y, and z axes. The specific
shift of atoms along <100>, happened between the temperature ranging from 278 K to
393 K, results to a crystal structure transformation from cubic to tetragonal (Figure 2.16b

and c), which is the phase concerned at room temperature.
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Figure 2.16 Crystal structure of BaTiOs. (a) above T, cubic phase. (b) and (c) at RT, tetragonal

phases, with up and down polarization3.
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Figure 2.17 Schematic illustration of spontaneous polarization induced surface charge and

screening under different polarization orientations. Ps is the spontaneous polarization.

Spontaneous polarization will induce bound charges on the surface of ferroelectrics®>.
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These charges can be compensated by internal and external screening effects. An electric
field will be generated following the screening effect, the direction of which is opposite
to the internal electric field induced by the spontaneous polarization. This electric field is
termed as the depolarization field and it tends to destroy the spontaneous polarization in
the ferroelectrics®®. Figure 2.17 gives a schematic illustration of the spontaneous

polarization induced surface charges and the screening results in a ferroelectric material.

2.2.4. Ferroelectric domain

A ferroelectric domain is defined as a region in which the spontaneous polarization
direction is all aligned. In a virgin macroscopic crystal it is unlikely that the direction of
the polarization will be the same through out. It is energetically more favorable for the
crystal to break up into domains, which are macroscopic regions of homogeneous

polarization only different in the polarization directions™.

Domain walls are defined to describe the boundaries between the domains. Figure 2.18
shows a schematic figure of the domain and domain wall. Two kinds of domain walls can
usually be generated, the 180° domain walls and the non-180° domain walls (typically

the 90° domain walls). The physical origin of the 180° domain is to reduce the energy
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caused by depolarization field and the non-180° domain is to minimize the strain energy
caused by the lattice distortion during the phase transition and depolarization field. The
electrostatic energy results from formation of the depolarization field. The formation of
the domain/domain wall with the polarization vectors arranging in certain directions
(head to tail across the 90° domain and parallel but opposite across the 180° domain) in
the adjacent domains allows minimization of the energy and thus help to make the crystal

stable.
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Figure 2.18 Schematic of domain in a ferroelectric crystal®’.
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The motion and interaction of domain walls can have significant influence on the
ferroelectric properties. In BaTiOs, for example, high permittivity and piezoelectricity
was achieved with grain size around 1 um and this has been attributed to the 90° domain
wall displacements under different electric fields®®. Some characteristic optical and
electronic behavior of ferroelectric materials have been attributed to the effects from

domain walls as well?4!

. For example, domain walls have been demonstrated to
contribute to the anomalous photovoltaic effect in BiFeO3 thin films, in which open
circuit voltages (Voc) larger than the material band gap have been generated. And by
controlling conductivity of domain walls, Vo as high as 50 V has been achieved®. In the
review paper by J. F. Scott et. al**, the importance of domain walls in nanoelectronics has
been stated based on the previous theoretical and experimental results, and the authors
pointed out that regarding the ferroic device applications, the domain walls can be the
main active element rather than the domains. Therefore, it is important to take the domain

walls contribution into account when designing and evaluating the properties of

ferroelectric materials.

2.2.5. Size effect on ferroelectric materials

Size effect on ferroelectric materials refers to the dependence of the structure and phase
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transformation on the grain size in ferroelectric materials. The study of size effect on
ferroelectric materials has been conducted for more than 50 years since the first report by
Kneikamp and Heywang on the dielectric properties of BaTiO3 ceramic*, and the idea of
a critical size for ferroelectricity has long existed**. Generally, it was recognized that the
dielectric permittivity, &, which is the amount of polarization change that can be induced
under the application of an electric field, increased when the grain size decreased to micro
level. The reported values of the ‘critical size’ vary in different ferroelectrics and are also
related to the material forms (bulk ceramics, thin films or free particles). For example,
BaTiO; ceramic has a well accepted critical size (the grain size) of around 400 nm*46,

for BaTiOs film it has been predicted to have a much smaller critical size of ~ 40 nm*’,

and that of PbTiOs particles is reported to be ~ 100 nm*.

Grain-size effect on the ferroelectric properties of bulk ceramics is the firstly and mostly
studied subject in this area. One early finding is the anomalously high dielectric
permittivity observed in fine grain BaTiOs ceramics. In the study by Arlt in 1985, the
grain size dependence of ¢ has been demonstrated through experimental work, with the

critical size observed at ~ 1 um (as shown in Figure 2.19).

33



Chapter 2

1 | S —————

5000 ~

4000

3000

2000 +

1000

T —————
0.1 1 10 100

Grain Size (um)

Figure 2.19 Crain size dependence of the permittivity of BaTiOs ceramics*,

The later work by Zhao et al. in 2004 reported the 7. and ¢ dependence on grain size of
BaTiO; ceramics®. The T kept at ~ 120 °C when the grain size decreased from 1200 nm
to 400 nm and declined sharply when grain size reduced below 400 nm (Figure 2.20b).
The ¢ peak value decreased with decreasing grain size and strongly depressed in samples
with fine grains (< 300 nm, Figure 2.20a). The critical grain size of ~ 400 nm has been

reported in other studies and is well accepted since then*®.
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Figure 2.20 (a) Relative dielectric permittivity (¢) and loss tangent (tan 8) of BaTiOs ceramics as a

function of temperature. (b) Critical temperatures of BaTiO3 ceramics as a function of grain size*.

The competition between contributions from domain/domain walls and grain boundaries
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has been used to explain the size effect in ferroelectric ceramics*®°%>!. It is well known
that when the phase transformation occurs in ferroelectric material on cooling, the internal
stress produced in the polar structure can be relieved by the formation of polydomain
subgrain structure (mainly the 90° domains). Thus in large-grained ceramics, the
contribution from 90° domain walls to the dielectric constant dominates*®. With
decreasing grain size, the single domain single grain structure becomes energetically
favorable. Therefore the fraction of grain boundary volume increases with decreasing
grain size, leading to a reduced dielectric constant since the grain boundary has much
lower permittivity*®. Accordingly, the dielectric constant of ferroelectric ceramics will
reach a maximum when the grain size reduces to a specifically value, and then decrease

as the grain size further reduced.

When it comes to lower dimensions, i.e., thin films and nanoparticles, investigation of the
size effect in ferroelectrics becomes more challenging due to the difficulties existed in the
sample preparation and characterisation with high precision in nanoscale. A deep
understanding of it has been built up in recent years, though no conclusive agreement yet,
owing to the development in the preparation of high-quality, monocrystalline ferroelectric
nanomaterials and the advanced measurement techniques. The understanding of the

nanoscale ferroelectricity has been evolving from the earliest views of complete
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suppression of ferroelectric behavior*®>? to the more recent reports that demonstrating
enhancement of local ferroelectric distortions with a decline in the long-range polar

distortions>**,

The most often reported size effect in nanoscale ferroelectrics is the shifting of 7. towards
lower temperatures with decreasing grain size. This has been interpreted as suppression
or disappearance of ferroelectricity in finite-sized materials in earlier studies, with a range
of investigations done previously aiming to find out the critical sizes for different
nanoscale ferroelectric materials. For example, study by Uchino ef al. based on XRD
results indicated that the phase transformation of BaTiO3 nanoparticles from tetragonal
to cubic occurred at a critical size of 120 nm at room temperature®. With more methods
applied to study this issue and more aspects understood, the reported critical size
decreased from hundreds of nanometers to a few nanometers, or even smaller.
Calculations made by Spanier et al. using theoretical modeling estimated that the critical
size for a BaTiOs sphere to be 4.2 nm>%. And the more recent research by Polking et al.
demonstrated room-temperature polarization switching of BaTiO3 down to ~ 5 nm by
PFM characterisation, with the presence of a single-domain polarization state observed

by TEM technique®®.
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By far, there is no agreed conclusion for the changing of ferroelectric behavior at finite
dimensions. Though possible causes include the depolarization effects®’, the absence of
long-range cooperative interactions>, structural defects®® and elastic constraints*® have
been widely considered and accepted. And it has also been realized that for the study of
size effect, it is important to characterise the nanoscale ferroelectricity on different time

and length scales to make a full picture of the material structural feature**.

Common experimental methods used to investigate the size effect in ultra fine
ferroelectrics include that of X-ray diffraction, Raman spectroscopy and differential
scanning calorimetry. XRD technique relies on coherent scattering from numerous unit
cells and can thus provide the information of the average and static symmetry of the
products, but it can not distinguish between the average and local structure. While Raman
spectroscopy can show the local and dynamic symmetry around the scattering sites.
Existence of tetragonal symmetry in small-dimension-ferroelectric has been
demonstrated by Raman spectra, even though when it was not distinguished by XRD>%¢,
DSC thermal test can reveal the dependence of phase transformation thermal
characteristics on grain size by giving out the values of the transition enthalpy. The
orthorhombic-tetragonal and tetragonal-cubic transformations in BaTiO3 polycrystals in

a size range of 10 um to 35 nm have been observed in the DSC data in the work by
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M. H. Frey* (as shown in Figure 2.21), and it also revealed the polydomain to single-
domain structure transformation characterised by the broadening and weakening thermal

peaks following the decreasing grain size.
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Figure 2.21 DSC data of BaTiOs polycrystals, showing the dependence of phase transition thermal
characteristics on grain size (a) first order orthorhombic-tetragonal transformation (b) tetragonal-
cubic transformation*4,

In the work by Smith ef al., XRD, Raman spectroscopy and theoretical calculations have
been employed to investigate crystal structure and the phase transition of various sizes of

nanocrystalline BaTiO3>. In this study both XRD and Raman results demonstrated phase

transition in nanoscale BaTiO3 with temperature changing. Peak splitting has been
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Figure 2.22 (a) XRD data of 70 nm BaTiOs particle recorded at (i) room temperature; (ii) at 148 °C.
(b) Raman spectra at different temperatures for different sized-BaTiOs. Temperatures increase
from top to bottom in each panel. (¢) (i) Long and short Ba-Ti distances and (ii) distortion
parameter, results from synchrotron Rietveld refinements and PDF analysis®.
observed in the XRD pattern, with the (004) reflection in the cubic phase widen and losing
intensity at RT (Figure 2.22a). This is attributed to the change of lattice parameters (a and
¢) when the cubic structure transformed to tetragonal structure. In the tetragonal phase,

the c/a ration is larger than 1, the (004) reflection shifts to a lower 20 value, thus the (400)

reflection is correspondingly divided into (400/040) and (004) peaks, resulting in a
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broadening peak.

It is worth noticing that despite the changes in symmetry, the cubic-tetragonal structure
transformation can be possibly not well resolved in XRD results of nanosized
ferroelectrics due to the inherent line broadening resulting from the small particle size. In
the Raman spectra (Figure 2.22b), two peaks which are characteristic of the polar
structure (tetragonal phase) at ~ 300 and 750 cm™ are observed in all samples (from bulk
to 26 nm sample), demonstrating the exist of polar structure. The two peaks decrease
rapidly as the temperature increasing through the curie point, which is interpreted as an
indication of the phase transformation. Besides, the broadening Raman peaks in smaller
sized samples suggest that the tetragonal structure is present with a significantly
decreased structural coherence. Meanwhile the Rietveld and PDF (pair distribution
function) analysis suggested increased distortions with decreasing particle size (shown in
Figure 2.22¢). Thus it was suggested by the work that it is the decreased coherency of the
distortions rather than the structural distortions in smaller particles that leads to the size

effect in nanostructured-BaTiOs.

Since the current work aims to investigate the effect of ferroelectricity on photocatalytic

performance in ferroelectric materials, the size effect must be taken into consideration
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when evaluating the ferroelectric properties in nanoscale products.

2.2.6. Ferroelectric materials in the application of photocatalysis

The study of ferroelectric materials applied as photocatalysts dates back to the 1970s,
when the photochemistry of BaTiOs was reported by Nasby and Quinn®!. After that,
extensive studies have been focused on the surface photochemistry of ferroelectrics trying
to find out the relationship between the ferroelectric nature and the influence that may
have on the surface photochemistry. In recent years, there have been a growing interest
in the study of ferroelectric materials in the application of solar energy conversion owing

to some unique properties of the ferroelectrics.

Compared to traditional semiconductors, semiconducting ferroelectrics exhibit several
special properties that attract significant interest in its application in solar energy
conversion. These properties can be concluded mainly as three aspects: (1) abnormal
photovoltaic effects, (2) polarization-dependent surface properties and (3) the internal

electric field.

(1) abnormal photovoltaic effects
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The abnormal photovoltaic effect (APV) was observed in ferroelectric Rochelle salt
crystal in 1939 by Brady et a/®?. Photovoltage that can be a few orders of magnitude larger
than the bandgap of the ferroelectric materials has been observed in LiNbO3®, BaTiO3%,
Pb(ZrTi)O3% and BiFeOs in the later studies. For a typical semiconductor, it is well
known that the photovoltage produced cannot exceed its band gap. Ferroelectric materials
is the only group of materials that can produce a photovoltage larger than its band gap.
The mechanism behind it is still under study**¢”-¢®. Though the ferroelectric material can
have large photovoltaic output, its application in solar energy application is limited by
low photocurrent output resulted from its poor bulk conduction. Thus, use of ferroelectric
material with improved carrier transport property will be promising to achieve higher

energy conversion efficiency.

(2) polarization-dependent surface properties

The polarization-dependent surface property of ferroelectrics is correlated with the
spontaneous polarization. It has been reported that the polarized surface of ferroelectric
material can have interactions with metal ions and organic species, allowing for spatial

69-71

separation of the reduction/redox reactions on the surface®™’'. One representative

example of the poled surface resulted selective deposition of metal ions is the work by
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Rohrer et al.”. It was observed that Ag'/Pb*" was reduced/ oxidized preferentially on the

positive (C")/negative (C") charged domains.

Figure 2.23 AFM images of a BaTiOs single crystal (a) before and (b) after illumination in a AgNO3
solution. The white contrast is Ag. (¢c) The same area after it was cleaned and illuminated in a
Pb(CH3COO); solution. The white contrast is PbO: deposits’.

The AFM images of the single-crystal BaTiO3 before and after light illumination in the
presence of AgNO; and Pb(CH3COO), solution were shown in Figure 2.23. It was

explained that driven by the electric field, electrons in C* domains would transfer to the

surface and reduce Ag" to Ag nanoparticles and holes in C” domains would transfer to the
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surface to oxidize Pb*" to PbO».

These findings demonstrated that the polarization-dependent surface of ferroelectrics can
be manipulated to conduct selective redox reactions on separated surface sites, which is
beneficial when applied as photocatalysts since it can separate the oxidation and reduction
products spatially thus inhibiting the back reactions and increasing the solar energy

transition efficiency.

(3) the internal electric field

The internal electric field within ferroelectric materials has been demonstrated to be able
to aid the spatial separation of photogenerated charge carriers following the light
absorption, thus enhance the charge separation efficiency in the photocatalytic
procedure'>7>7, As stated in the previous section, spontaneous polarization will induce
an electric field, which is termed as the internal electric field. The direction of
spontaneous polarization is defined as pointing from the negative bound charge to the
positive bound charge, and the internal electric field will have the opposite direction. The
surface region with positive bound charges is called a C* domain, and that with negative

bound charges is called a C” domain. Due to the screening results, negative charges will
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gather at the C* domain and lead to downward band bending and positive charges will
gather at the C” domain and lead to upward band bending. A schematic is shown in Figure

2.24.
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Figure 2.24 Schematic of a ferroelectric material showing the band bending on the C* surface and
C surface, respectively. The moving of a pair of photogenerated electron and hole toward opposite
directions under the internal electric field is illustrated. P is the spontaneous polarization”.
The application of ferroelectrics in photocatalysis and the influence of the internal electric
field on the photocatalytic performance have been investigated by different
characterisation methods. The paper by Cui ef al. in 2013 reported a study on the effect

of ferroelectricity on the photocatalytic activity of BaTiO3"*. Two structures of BaTiO3,

cubic (non-polar) and tetragonal (polar), have been employed to investigate their
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photocatalytic activity in dye degradation. It showed that enhanced dye degradation rate

was achieved by using tetragonal BaTiOs, compared to the cubic one.
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Figure 2.25 (a) Dependence of transient absorption decays of BaTiOs on temperature (b) Schematic

of polarization-induced band bending changing with temperature’.

The work later on by Morris et al. furthered the study by exploring the charge carrier
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dynamics of BaTiOs, in which transient absorption spectroscopy was used to probe the
correlation between ferroelectric polarization and carrier lifetimes’. Long lived carriers
have been observed (tsos =0.12s) in tetragonal BaTiO3 and the carrier life time rapidly
decreased (ts0% < 100 ps) in cubic BaTiOs. In addition, results of the variable-temperature
TAS showed a strong lifetime dependence on temperature, with a significant acceleration
of the charge carrier decay dynamics observed under heat treatment from 25 °C to 152 °C
(as shown in Figure 2.25a). The results indicated that the carrier decay dynamics is in
close relation to the dipolar crystal structure which is temperature dependent. A schematic
representation of polarization-induced band bending changing with temperature was

shown in Figure 2.25b.

Besides the study on particulate ferroelectrics, the effect of internal electric field on
ferroelectric film in the application as photoelectrodes have also been investigated in
recent years. Compared to powdered samples, film samples can be polarized by external
bias, allowing for study of the effects from not only the existence of internal electric field
but also manipulation of the polarization direction of it on the photocatalytic performance.
A switchable charge-transfer phenomenon has been reported by Cao et a/ in 2014, in
which the BiFeOs film was used as the target ferroelectric’”. When the pretreatment

poling bias changed from - 8 V to + 8 V, the observed photocurrent switched from
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0 pA/cm? to 10 pA/cm? at 0.2 V vs NHE, indicating that by manipulating the internal
electric field, the band bending at the surface of the ferroelectric electrodes can be

switched and utilized to drive both reduction and oxidation reactions according to the

remnant polarization orientation.
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Figure 2.26 (a) Photocurrent curves obtained with applied potential, under different ferroelectric
polarization conditions. (b) Schematic representations of the energy band diagrams and the
operational principle of the PEC cell under different poling conditions: (i) negative polarization
with associated upward band bending (ii) positive polarization with associated downward band

bending’.
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A later work by Liu et al. also observed the polarization-dependent PEC properties of
BiFeOs; films, which has been attributed to the modulation of band structure at the
BiFeOs/electrolyte interface by the polarization’s. The I-V curves of the BiFeOs films
after poling treatment by + 8 V and — 8V bias is shown in Figure 2.26a, and the
corresponding schematic of the energy band diagrams under different poling conditions
is shown in Figure 2.26b. The as-grown BiFeOs film is p-type, thus has a downward band
bending in the electrolyte under equilibrium, analogous to that of a conventional p-type
semiconductor. When poled by an applied bias which is large enough to switch the
domain orientation, the film will be poled and the domains will have the same orientation,
leading to a strong depolarization field and thus a strong band bending in the surface. The
addition or subtraction of the internal electric field raised band bending on the original
band bending then determined the transferring direction of the photogenerated electrons

and holes, which resulted to the switchable photocurrents.

The effects of ferroelectric polarization on photocatalytic performance are also reported
in other ferroelectrics such as Pb(Zr,Ti)Os (PZT)"” and LiNbOs’®. A positively poled PZT
has been reported to show much higher hydrogen production efficiency than negatively
poled PZT during photocatalysis’’. And the investigation of photocatalytic degradation

of organic dyes by LiNbO3 showed that high rate degradation was observed despite the
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wide band gap of LiNbOs3 (3.7 eV), owing to the spatial separation of redox reactions
resulting from the ferroelectric polarization’®. Ferroelectric materials can be promising in
the use as photocatalysts owing to their specific properties which can be used to break the
limits imposed by conventional semiconductors. Though the photocurrent they can
achieve is limited in the current stage due to their insulating bulk nature, the specific
properties they showed in the photocatalytic applications are attractive and promising in

the future use.

2.3. Photocatalysts Used in this Research

Three materials, BiFeOs, BirFe4sO9 and Ba,Sri«TiO3; (x = 0.2 and 0.8), have been
synthesized and used as the target materials in this research. BiFeOs was chosen because
of two main reasons: its narrow band gap which allows for visible light absorption and
its ferroelectric polar structure which can contribute to the photoexcited charge carriers
separation. The investigation of BioFesOo as a photocatalyst is inspired by the work of
BiFeOs, as another typical member of the bismuth ferrite family which also owns a
narrow band gap. Nanoscale BaxSrixTiO3 (x = 0.2 and 0.8) single crystals are prepared

to investigate the effect of ferroelectric polar structure on photocatalytic performance.
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2.3.1. BiFeOs

Ferroelectric materials have gained increasing interests in photocatalytic and photovoltaic
applications during the past few years due to the unique properties they exhibit such as
the enhanced photoexcited charge separation and the above-band-gap photovoltage,

which has been attributed to their ferroelectric nature’*”.

Bismuth ferrite (BiFeOs) is one of the few visible light driven photoactive ferroelectric
materials, with a narrow band gap of 2.1 to 2.8 eV®. The potential application of BiFeOs;
in solar energy conversion has been extensively investigated, including that in organic
dye photodegradation, water splitting and solar cells®' . Effect of ferroelectricity on its
semiconductor behavior has also been reported in previous studies, as discussed in the
last section. Though extensively studied, there still exist many controversies and
ambiguities in the research work on BiFeOs; to date. Understanding the complex
characteristics of BiFeOs, specifically the electronic structure and the associated optical

property is of great importance for its future use in solar energy conversion.

The structure of BiFeO; at room temperature is rhombohedral (point group R3c)*, as

shown in Figure 2.27 for a schematic view. It has a Curie point of 7. = 830 °C.
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Spontaneous polarization of BiFeOs can reach up to 100 puC/cm? as suggested by
theoretical calculations®®. The large ferroelectric polarization is mostly caused by the
displacement of Bi** ion, with the lone pair of 6s electrons as the driving force of the

ferroelectric distortion®®.

[111]

Figure 2.27 Schematic view of the R3¢ structure of BiFeO3%".

The electrical property of BiFeOs is a complex topic, either for the application as a
ferroelectric material or for the application as a semiconductor photocatalyst. There exist
the possibility of Bi loss during annealing procedure due to the high volatility of Bi, and
the loss of O which is common in perovskite film synthesis and by the associated

reduction of Fe** to Fe?* 38%° Loss of Bi will lead to Bi vacancies which will cause p-type
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conductivity and loss of O will lead to O vacancies which will cause n-type conductivity.
Meanwhile, the fluctuations between Fe** and Fe?" makes the situation more complex®.
Thus, the conductivity type of BiFeOs; depends on the intrinsic defects of its crystal

structure’! %3,

A wide range of band gap from 2.1 eV to 2.8 eV has been reported for BiFeOs thin films,
with both indirect/direct band gap observed®’. Previous reports indicated that the band
gap of BiFeOs film can be sensitive to epitaxial strain and/or synthesis conditions such as
temperature, atmosphere and pressure, while a more recent study based on more than
forty BiFeOs thin films suggested that the band gap of BiFeOs; depends more on the
surface roughness as well as film thickness rather than the processing parameters’.
Following the tremendous literature data, it indicates that evaluation and comparison of

optical properties of BiFeOs thin films should be proceeded with caution.

Despite the numerous reports and the attractive properties, there are still a lot of
unresolved aspects of BiFeOs. The complicated phase transitions resulted difficulty in
pure phase synthesis of BiFeOs, the argue in the direct/indirect optical band gap, and the
complexity in understanding the mechanism behind some unexpected behaviors, all

making it an interesting and challenging material to investigate.
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2.3.2. Bi2FesO9

BixFe4Oo9 is another member of the bismuth ferrite family. Previous studies showed that it
is a promising candidate for use as semiconductor gas sensors, owing to its high
sensitivity to ethanol and acetone vapors®. In addition, it can catalyze the ammonia
oxidation to NO thus can be used as a cheaper replacement of the current catalysts which
are based on expensive platinum, rhodium, and palladium®. The crystal structure of

Bi2Fe4Oo is orthorhombic (space group Pbam), a schematic view is shown in Figure 2.28.

Figure 2.28 Crystal structure of BizFes0y¢’.

Akin to many other Bi-based compounds, Bi2Fe4Oo9 exhibits a narrow band gap with
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reported values ranging from ca. 1.9 to ca. 2.1 eV, which is highly visible-light active with
a near-infrared absorption. The small band gap makes it a promising material for
photocatalytic application. Till now, particular BizFesO9 as photocatalysts has been
reported in several papers, in which the Bi;FesO9 nanoparticles showed excellent
photocatalytic activity in oxidation of phenol and aqueous ammonia and degradation of
the organic contaminants such as methyl orange and Congo Red”®!®. The outstanding
photocatalytic performance of the BirFe4sO9 nanoparticles indicates its promising
utilization in PEC water splitting in a form of thin film electrode. But till now there’s no
report on the BixFe4Oy9 film as photoelectrode. Thus it is of our interest to prepare the

BixFe4Oo film and investigate the photocatalytic behavior of it.

2.3.3. BaxSr1«TiOs3

Barium strontium titanite is a ternary perovskite oxide with the stoichiometric formula of
BaxSr1-xTiO3 (0 <x < 1). It is a continuous solid solution containing BaTiO3 and SrTiOs
over the entire composition range. The BaxSri-xTiO3 solid solution showed various
potentials in the application of electronic devices such as voltage-tunable capacitors,
passive memory storage devices, transducers and sensors, due to its high dielectric

constant, low dielectric loss, good thermal stability and high frequency
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characteristics!°1192, Despite the application in piezoelectric and ferroelectric devices,

BaxSri-xTiO3 compounds have been also reported as wide-band-gap semiconductors used

for solar energy conversion. The band gap and band positions of BaTiO3 and SrTiO3 have

been studied as well. Both BaTiO3 and SrTiOs have a UV light absorption, with a band

gap of around 3.2 eV, close to that of TiO> (as shown in Figure 2.29). The conduction and

valence band edges of BaTiO3 and SrTiOs straddle the redox potential of water, allowing

for unassisted photocatalytic water splitting in principle!®.
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Figure 2.29 Energy level diagram of TiO2, SrTiOs and BaTiOs3'%

The properties of BaxSri—TiOs; are strongly dependent on the composition and
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characteristics of its constituent materials. The structure and dielectric properties of
BaxSri-xTiO3 ceramic solid solutions have been studied since an early time and a
systematical picture of its dielectric properties has been established based on the whole
composition range!®*. When x = 1, it is BaTiOs. As it has been described previously,
BaTiOs3 has a Currie Temperature of 120 °C (393 K). Thus it has a tetragonal structure
and is ferroelectric at room temperature!®>. When x = 0, it is SrTiO3 SrTiOs has a Currie
Temperature of ~ approx. -240 °C!%, thus it has a cubic structure at room temperature
and is paraelectric. At room temperature, Ba-rich Ba,Sri-TiO3 compounds have a
tetragonal structure as BaTiOs and are ferroelectric, whereas Sr-rich BaxSri-xTiO3
compounds have a cubic structure as SrTiO3 and are paraelectric. The substitution of the
Ba by Sr will give a range of solid solutions of BaxSri-xTiOs3, the Curie temperature of

which is composition-dependent, decreased with increased Strontium content!"’.

Two compositions of BaxSri-xTi03, Bao.2Sro.sTiO3 and Bag §Sro2TiO3, have been chosen
as the target material in this study. Bao2SrosTiOs has a Tc of ~ -148 °C (125 K) and
Bao.sSr02TiOz has a T of ~ 72 °C (345 K) (as shown in Figure 2.30), which allows us to
study the effect of spontaneous polarization on photocatalytic behavior since they are

supposed to have non-polar and polar structure respectively at room temperature'%,
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Figure 2.30 Relative dielectric permittivity as a function of temperature for Bai1xSrxTiO3

ceramics!'*.

2.4. Aims and Objectives

The aim of this research is to investigate photocatalytic performance of bismuth ferrite
thin films and nanoscale barium strontium titanate powders for understanding of the
unique properties ferroelectric photocatalysts exhibit and the effect of the ferroelectric

polar structure on photocatalytic activity.

BiFeOs was chosen as the target material because it is ferroelectric at room temperature

and has a narrow band gap which allows it to absorb visible light and thus potentially has
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a higher solar light conversion efficiency compared to other wide-band-gap ferroelectric
materials. When conducting the compositional study of BiFeOs, BioFe4Oo, one of the
parasitic phases of BiFeOs, has been found to be a promising photoelectrode material
with high visible light photocatalytic activity. Thus the PEC performance and band
structure of BioFesOo film as a photoelectrode have been studied and reported for the first
time. BaxSri1xTiO3 (x = 0.2 and 0.8) powders were selected to carry out the study of effect
of polar structure on photocatalytic activity. Bao2SrosTiO3 has a curie temperature of
~ — 148 °C and Bao 3Sr0.TiOs3 has a curie temperature of ~ 72 °C. At room temperature,
Bao2SrpsTiO3 has a cubic structure (non-polar) and BagsSro,TiOs; has a tetragonal
structure (polar-structure). This allows the study of effect of spontaneous polarization on

photocatalytic behavior by comparing the photocatalytic activity of the two samples.

The main objectives are:

1. Study the photoelectrochemical performance of BiFeOs thin film applied as
photoelectrode, including the synthesis of pure phase BiFeOs3 film by the chemical
solution deposition method, characterization of band structures and associated
optical properties, probing of the switchable photocurrent polarity under various

applied potentials exhibited by the as-obtained BiFeOs photoelectrode.
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Study the photoelectrochemical performance of BioFe4Oo thin film which has been
applied as photoelectrode for the first time, including the film synthesis by CSD
method, structure and composition characterisations and the understanding on the
charge transfer mechanism at the photoelectrode surface by adding of a hole

scavenge.

Study the effect of ferroelectricity on photocatalytic activity using single-grain-
single-domain barium strontium titanate powders, including the synthesis of
nanoscale BaxSrixTiO3; (x = 0.2 and 0.8) powders by molten salt method,
characterisation and demonstration of the single-domain structure and assessment

of photocatalytic activity of the two samples by photodegradation of Rh B.
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Chapter 3 Experimental Procedure

3.1. Materials Synthesis

Material synthesis in this thesis comprises the thin film synthesis by chemical solution

deposition (CSD) method and the nanoscale powder synthesis by molten-salt method.

3.1.1. Bismuth ferrite thin film preparation process

Bismuth ferrite thin films, including BiFeOs and BixFes4Oo9, have been prepared by the
CSD method for application as photoelectrodes. The film synthesis was conducted
following 3 steps: (1) precursor preparation, (2) film deposition, and (3) film heat

treatment.

3.1.1.1. Precursor preparation

Bismuth nitrate (Bi(NOs3)3-5H>0) and iron nitrate (Fe(NO3)3-9H>O) were used to provide
the metal source of Bi and Fe. 2-methoxyethanol (2-MOE) was used as the solvent since
it has good solubility for bismuth and iron nitrates and also it has suitable viscosity and
surface tension for spin-coating deposition. Acetic anhydride works as the chelating agent

in the solution, it can dehydrate the water of crystallization from the metal salts, which is
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helpful in control of the extent of hydrolysis and gelation. The precursor preparation route
is shown schematically in Figure 3.1. The precursor with Bi : Fe ratio of 1:1 was used for
the production of BiFeO3 and the ratio of 0.5:1 was used for the production of BizFesOo.
The BiFeOs; precursor solution was prepared by dissolving 8 grams (4 grams for the
BixFesO9 synthesis) of bismuth nitrate and 6 grams of iron nitrate in 20 ml
2-methoxyethanol. The solution was stirred for 30 mins to dissolve the powders. 10 ml
acetic anhydride was added later and stirred for 60 mins. The whole process was carried

out in an ambient atmosphere at room temperature.

Bi(NO;);5H,0 | —

Stirring for Stirring for
30 min 60 min

Fe(NO3)3-9H20 p—) | So|ution A | =) | Precursor

1

2-MOE - Acetic anhydride

Figure 3.1 Flow chart of precursor preparation for bismuth ferrite thin films synthesis.

Chemicals used for preparation of the precursor solutions are listed in Table 3.1. The
nitrates (bismuth and iron) were stored in a vacuum desiccator to avoid absorption of

water into the chemicals.
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Table 3.1 Chemicals for bismuth ferrite precursor preparation

Chemical
Chemical Name Specification Supplier
Formula
Bismuth nitrate pentahydrate ~ Bi(NO3)3-5H20 >98% Sigma-Aldrich, UK
Iron nitrate nonahydrate Fe(NO3)3-9H20 >98% Sigma-Aldrich, UK
2-Methoxyethonal (2-MOE) C3HsO2 99.8% Sigma-Aldrich, UK
Acetic anhydride C4He603 >99% Sigma-Aldrich, UK

3.1.1.2. Film deposition

The substrate used in this thesis for film deposition is fluorine doped tin oxide coated
float glass (FTO, Tec 15 Pilkington). The FTO glass was cut to 1 cm *1.5 cm and cleaned
by sonication in acetone and 2-proponal for 15 min each before dried with nitrogen flow.
Bismuth ferrite gel films were prepared by dropping 50 uL of precursor solution onto the
FTO glass and then spin-coating at 3000 rpm for 30 s. A digitally-controlled spin coater
(G3P Spin Coater, Specialty Coating Systems Inc.) was used in this thesis. The spin coater
uses a vacuum specimen stage to secure the substrate for spinning as well as a
programmable control system for spin velocity and duration. After deposition, the sample
was removed from the spin coater and heated in air on a hot plate at 90 °C for 1 min for
gelation and then subsequently heated at 350 °C for 5 minutes for drying. After then it

was cooled down at 90 °C for 1 min again. This step was repeated 5 times to get a desired
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film thickness (of ~ 150 nm).

3.1.1.3. Film heat treatment

Heat treatment of the film was done in a tube furnace. The samples were transferred into
a tube furnace after heat treatment at 350 °C and heated up by 5 °C/min to 450 °C with a
dwell time of 30 min before heating to 650 °C with a ramp rate of 5 °C/min and held for
1 hour. The samples were then cooled down within the furnace naturally. Different
atmospheres have been applied depending upon the experiment requirements. The

illustration of the key steps for film preparation is shown in Figure 3.2.

Spin-coating
(3000 1, 30 5)

|

Gelation _ _
(90 °C, 1 min) — Ambient Environment

|

Pyrolysis
(350 °C, 5 min) -

!

Crystallization
(450 °C, 30 min + :|- Atmosphere Annealing
650 °C, 60 min)

Figure 3.2 Flow chart of the bismuth ferrite film deposition and annealing treatment procedure.
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3.1.2. Barium strontium titanate powder synthesis

Molten-salt synthesis (MSS) method was used to prepare barium strontium titanate
powder in this thesis. In a typical synthesis procedure of BaogSro2TiO3, 0.08 mol of
BaC;04 and 0.02 mol SrC>04 along with 20 mol NaCl and 20 mol KCI were mixed
together. The mixture was mixed thoroughly by ball milling for 4 h with adding of ethanol.
And then the mixture was dried out at 100 °C over night. The processed mixture was
placed in a ceramic crucible, heated at a ramp rate of 5 °C/min to an annealing temperature
at 750 °C for 1 h, and cooled thereafter to room temperature within the furnace. Samples
were then washed several times with hot distilled water and filtered by vacuum suction.
The as-prepared powders were collected and dried at 80 °C in an oven overnight.
Preparation of Bao»SrosTiO3 powders was employed using different molar ratios of the
initial precursors. Bao gSro2TiO3 samples prepared at 750 °C were post-annealed at 950 °C,
1200 °C and 1350 °C to investigate the effect of grain size on the domain structure later.
The post-annealing treatment was conducted by heating the Bao S0 TiO3 samples up to
the desired temperature by a rate of 10 °C/min and held for 10 hours, followed by cooling
down in a rate of 5 °C/min. If not noticed specifically, the BaosSro2TiO3; samples
mentioned in the later chapter refer to the original samples processed at 750 °C. A flow
chart illustrating the steps of MSS method and the factors influencing the molten-salt

synthesis of metal oxide materials is shown in Figure 3.3.
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Figure 3.3 Flow chart illustrating factors influencing the molten-salt synthesis of metal oxide
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Factors influencing the final particle

characteristicsat each step:

Initial particle size, shape, geometry and morphology
Purity and identity of precursors

Chemical nature and quantity of salts

Purity of salts

Molar ratio between salt and precursors

Synthesis temperature/reaction time
Heating and cooling rates

p

materials

Remaining impurities from salt and

recursor components

Presence of agglomerates

108

Table 3.2 Chemicals for Ba,Sri-TiO3 synthesis

Chemical Name Chemical Formula Specification Supplier
Barium oxalate BaC,04 99.999% Alfa Aesar, UK
Strontium oxalate SrC204 95% Alfa Aesar, UK
Sodium chloride NaCl 99.0% Alfa Aesar, UK
Potassium chloride KCl 99% Alfa Aesar, UK

Chemicals used for preparation of the BaxSri-xTiO3 nanopowders are listed in Table 3.2.

The barium and strontium oxalate were stored in a vacuum desiccator to avoid absorption

of water into the chemicals.
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3.2. Materials Characterisation Techniques

3.2.1. Scanning electron microscope

Scanning electron microscope (SEM, FEI Inspect F) is used to provide the sample
information include the morphology, chemical composition and crystalline structure. It
uses a focused beam of high-energy electrons to form a range of signals at sample surface.

SEM can detect the sample from a micrometer (um) to nanometer (nm) scale.

Morphologies of the as-prepared bismuth thin films and barium titanate powders were
characterised by SEM. For bismuth ferrite film samples, both of the top view and cross
section view were characterised. For the top view characterisation, the sample was
attached on top of the carbon tape with the conductive edge of the FTO glass connected
to the carbon tape, without further surface treatment. For the cross section view, the
sample was cut in the middle and attached to the carbon tape with the section facing up.
A thin layer of gold was deposited on the top then by plasma deposition method for better
scanning image. For BaxSr1-xTiO3 powders, they were attached onto the carbon tape with

further sputtering of gold as well.
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3.2.2. Transmission electron microscopy

Transmission electron microscopy (TEM, JEOL 2010) provides imaging and diffraction
characterisation of the sample. It is a microscopy technique which uses a high energy
beam of electrons to transmit through a ultrathin sample. The interactions between the
electrons and the atoms can give out the information of the crystal structure on the atomic
scale. Information about local structure, average structure and chemical composition can

be collected simultaneously.

TEM technique was used in this study to characterise the crystallographic structure of the
as-prepared BaxSri-xTiO3 samples. The samples for TEM characterisation were prepared
by dispersing a small amount of the BaxSri-xTiO3; powders into ethanol and followed by
ultrasonication for 15 min. Then the suspension was dropped on the copper grid and left

at room temperature to dry.

3.2.3. X-ray diffraction analysis

X-ray diffraction (XRD, Panalytical Xpert Pro diffractometer) is used to study the crystal
structure and phase composition of the crystalline materials. It can identify phases

through comparison with data from known structures and quantify changes in the
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structural parameters. X-radiation is electromagnetic radiation which has a wavelength
between~0.1 A to 100 A (CuKa=1.54 A is commonly used). It is in the same magnitude
of the interatomic distances in a crystal, making it convenient for crystal structures to
diffract X-rays. The interaction of the incident X-rays with the sample generates

constructive interference when conditions satisfy Bragg’s Law:

nAh = 2dp sin O Eqn (3.1)

Bragg’s Law relates the wavelength of the electromagnetic radiation to the diffraction
angle and the lattice spacing in a sample. By scanning the sample through a range of 260
angles, all possible diffraction directions of the lattice can be attained and the associated
diffracted X-rays can be recorded. Figure 3.4 shows a schematic view of the X-ray

diffraction from the crystal lattice planes.

dhisin®

Figure 3.4 The schematic illustration of X-ray diffraction in crystal lattice following the Bragg’s

Law.
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The phase composition of the bismuth ferrite films and BaxSri-xTiO3; powders were
investigated by XRD using with Cu-Ka radiation in this study. A continuous scan mode

was used for all the sample characterisation.

3.2.4. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific K-Alpha) is a technique used
to analyze the surface chemistry of a material. It can reveal the elemental composition,
chemical state and electronic state of the elements within a material. When a material is
irradiated under the X-ray beam, electrons will emit from the material surface (the top 1-
10 nm) and their kinetic energy can be measured and recorded. The XPS spectra are then

obtained by recording ejected electrons over a range of electron kinetic energies.

The XPS spectra of the bismuth ferrite films and BaxSri-xTiO3 powders were analysed
using the CasaXPS software. All the binding energies were calibrated to C 1s peak at

284.6 eV.

3.2.5. Kelvin Probe (KP) and ambient pressure x-ray photoelectron spectroscopy

(APXPS)

Kelvin Probe (KP) and ambient pressure x-ray photoelectron spectroscopy (APXPS) have
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been used to make an accurate measurement of the band structure of BiFeOs film. APXPS
can determine the VBM of a material and KP can measure the surface Fermi level of the
sample. The same sensor is used for both KP and APXPS measurements. A schematic

view of the KP (a) and APXPS (b) measurements is shown in Figure 3.5.

@) v, Voo =ki(Vgat V) (D) Vﬁi V= Ky(E,y, - DN

\Il\ P I' ll>
I/V converter I/V converter

4 R d, sin ot | Electron/Ion
Vepa I dy /\/\N . Collector

Sample B Sample

Figure 3.5 (a) Kelvin probe measurement (b) Ambient pressure x-ray photoelectron spectroscopy'®.

Kelvin probe measurement can give out the Fermi level position of a material by
measuring the contact potential difference (Vpa) between the inner face of the vibrating
tip and the sample surface. APXPS is a x-ray photoelectron spectroscopy conducted at
near-ambient pressure. Different from conventional XPS, which usually carried out under
a high vacuum condition (10 — 10'° mbar), the APXPS works under near-ambient
pressure in a range of 10 — 10> mbar. Under ambient pressure, the photo-emitted

electrons have very short mean free path (~ 1 um) and can not reach the detector. So the
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electrons will be stopped close to the sample surface and a cloud of charge will build up
(ions such as N>, OH- and O%). These ions can go to the sensor electrode to create a
measurable current, which is the emitted photocurrent and then gives out the value of

VBM.

3.2.6. Brunauer-Emmett-Teller surface area measurement

The Brunauer-Emmett-Teller surface area measurement (BET, Micromeritics Gemini VII)
is used to measure the specific surface area of a material by physical adsorption of gas

molecules on the solid sample surface.

The BET surface area of BaxSri-xTiO3 powders were analyzed in this study. The samples
were dried for more than 12 hours at 200 °C in N atmosphere and then loaded into
separated tubes. An empty tube was used as a reference. N> atmosphere was used during

the whole measurement.

3.2.7. UV-Vis spectroscopy

UV-vis Spectrometer (Perkin Elmer, Lamda 950) was used to obtain the absorption and
reflectance spectra of the as-prepared bismuth ferrite films, BaxSri-xTiO3 powders and the

dye solution used in photo degradation tests. The UV-vis spectra can give out the light
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absorption/reflectance information of bismuth ferrite and BaxSri-xTiOs3, thus the derived
band-gaps of the materials. It can also give out the light absorption information of the dye
solution which can be used to monitor its concentration changes during the degradation

test.

For bismuth ferrite films, the absorption spectra data was used as obtained. And the

optical band gap (E,) of the samples was calculated using the Tauc relationship'!’:

(ahv)" = A(hv - Ey) Eqn (3.2)

where A = constant, Av = light energy, E, = optical band gap energy, a = measured

absorption coefficient, n = 0.5 for indirect band gap and n =2 for direct band gap materials.

For BaxSr1~xTiO3; powders, reflectance spectra were obtained first and then converted to

absorbance spectra using the Kubelka Munk transformation equation:

F(R)=(1-R) (I-R)/2R=K/S (R = %R /100) Eqn (3.3)

And the optical band gap was obtained by plotting F(R) against energy Av, the same

procedure as that used for bismuth ferrite films.
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For dye solution (Rhodamine B used in this study), absorption spectra of the solution of
different concentration were first obtained and then related to its concentration change.
Typically, 1.5 ml of the dye solution sample was put into a cuvette (semi-micro, PMMA)

for the UV-vis test.

3.2.8. Raman spectroscopy

Raman spectroscopy (Horiba Lab-RamiHR550 spectrometer) is used to provide
information of the structure, symmetry, electronic environment and bonding of the
molecules'!!. It is an optical technique based on inelastic scattering of the light, known as
the Raman effect. The scattered light has a different frequency from the incident light in
the inelastic scattering, and this will lead to a shift in wavelength depending on the

chemical structure of the molecules responsible for scattering.

A schematic diagram of the Raman effect is presented in Figure 3.6. When a molecule is
under irradiation of a monochromatic light, two types of light scattering can happen. Most
of the scattering is an elastic process with no change in energy, termed as the Rayleigh
scattering. A small percentage of the scattering is an inelastic process and it is termed as
Raman scattering (Raman effect). The Raman scattering can have two forms. One is the

Stokes Raman scattering (Figure 3.6b) and the other is the Anti Stokes Raman scattering
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(Figure 3.6¢). The scattered light in the former one has an lower energy than the incident

light while that in the later one has an higher energy than the incident light.

Virtual level
Energy (a) (b)
High4  Virtual level
Stokes Anti-Stokes
Incident light Rayleigh scattered light Raman scattered light Raman scattered light
VAVAVAWR VA VAVAN T~ N, AVAVAVAVAN
Vibrational |
level I Enfergy differencearises — (-

Low | Ground level

Electron

Figure 3.6 Schematic illustration of Rayleigh scattering (a) and Raman scattering (b) and (c).

3.2.9. Differential scanning calorimetry

Differential Scanning Calorimeter (DSC, Perkin Elmer TA Instruments DSC 25) is used
to detect the physical or chemical transitions happened during material heating or cooling
process such as melts, glass transitions and phase changes. It is a thermal analysis
technique that measures the heat flow rate to or from a sample when it is subjected to a

controlled temperature program in a controlled atmosphere.

The dependence of phase transition behavior on grain size of barium strontium titanate
particles was investigated by DSC measurements in this thesis. The specimens were
prepared by placing 10 — 20 mg sample powders into the aluminum DSC pans. The

samples were heated from — 20 °C up to 140 °C by a rate of 5 °C/min and held for
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2 minutes, a cooling down process was followed then with a rate of 5 °C/min to - 20 °C
and held for 5 minutes as well. The whole procedure was repeated again for an accurate

measurement.

3.2.10. Piezoresponse Force Microscopy (PFM)

Piezoresponse Force Microscopy is used to characterise the piezoelectric or ferroelectric
properties of the materials, specifically the domain structure of BiFeOs film in this study.
The PFM facility is constructed by an Atomic Force Microscope (AFM, NT-MDT, Russia)
and piezo-response accessories. A Pt coated probe (Windsor Scientific Limited, UK) with
a spring constant of 5 N/m was used in contact mode. Figure 3.7 shows the principle of
PFM operation. Electrical stimulus will be applied to the sample surface and in response
to it, the sample will expand or contract. A laser beam is focused on the backside of the
cantilever and reflected to a photodiode detector. When the sample surface is scanned by
the probe, the mechanical response will induce a displacement of the cantilever, the
associated displacement of the laser spot will be recorded by the detector. In this way the
piezoelectric response of the sample can be detected and imaged. The polarization
switching in ferroelectrics can be achieved by applying a DC bias on the tip, which can

locally pole the sample and probe the corresponding electromechanical responses.
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Figure 3.7 Principle of PFM operation''2,

3.3. Photocatalytic Activity Characterisation

3.3.1. Photoelectrochemical measurements

3

Working Reference Counter
Electrode Electrode Electrode

Figure 3.8 Schematic illustration of a potentiostat with three electrodes.

All photoelectrochemical measurements were conducted using a potentiostat (Gamry
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Interface 1000). A three-electrode cell system (Figure 3.8) was used with the as-prepared
bismuth ferrite films as the working electrode, Ag/AgCl as the reference electrode and a
Glassy Carbon Rod as the counter electrode. Na>SO4 solution was used as the electrolyte
(0.2 M, pH equals 6.5). A solar simulator (Sciencetech, Class: ABA) with an AM 1.5 filter

was used for illumination of the system.

Mott-Schottky measurements were obtained from the following equation'®:

= = (=) V-V - kTle] Eqn (3.4)

where C is the space charge layer capacitance, ¢ is the dielectric constant of the material,
€0 1s the permittivity of the vacuum, e is the elemental charge, Nq is the concentration of
the charge carriers, Va is the applied potential, Vi is the flat band potential, & is
Boltmann’s constant, and 7 is temperature. The flat band potential (Vi) was determined
by taking the x intercept of a linear fit to the Mott-Schottky plot, 1/C?, as a function of

applied potential (V3) .

The measured potential vs. the Ag/AgCl reference electrode was converted into the
normal hydrogen electrode (NHE) scale after electrochemical measurements using the

Nernst equation:
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Enne = E agaeci + Eagaect’

Eagaec’ (3.0 M KCI) = 0.209 V at 25 °C

The cell used for the PEC test was designed specially, which consists of two parts (Figure
3.9): a metal plate to attach the sample and a Teflon chamber for the electrolyte solution.
The bismuth ferrite film samples were attached onto the metal plate with the film side
facing upside by a silver paint. One edge of the substrate had been covered by the Kapton
tape during spin coating to leave the space for the silver paint. A small hole was designed
on the chamber for the electrolyte to touch the sample, which is the actual working area
of the sample. A rubber o-ring was placed into the hole to prevent electrolyte leakage. The

metal plate was fixed to the chamber by two screws.

Teflon chamber

Metal plate

Figure 3.9 PEC cell
The cell was clamped to a retort stand and placed with the metal side facing the solar

simulator. The diameter of the hole is 4 mm, which is an area of 0.125 cm?. An illustration
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of the PEC test system including the PEC cell, potentiostat and the solar simulator and

their connection configuration is shown in Figure 3.10.

Figure 3.10 lustration of the PEC test system.

3.3.2. Dye degradation

Photodegradation of Rhodamine B (Rh B) was used to evaluate the photocatalytic activity
of the barium strontium titanate. The chemical structure of Rh B is shown in Figure 3.11.
The Rh B solution with a concentration of 10 ppm was used. Degradation of Rh B was
conducted in a quartz petri dish. 0.15 g barium strontium titanate powder was mixed with
50 ml of the dye solution (Figure 3.12). The mixture was stirred under dark for 30 minutes
firstly. And then it was placed under the solar simulator (Newport, class ABB) for

degradation test. An amount of 1.5 ml of the solution was taken for sampling at fixed
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intervals. And centrifugation was carried out later to remove the catalyst powders from
the degradation samples. Generally a program of 10000 rpm for 15 minutes was used for

the centrifugation.

(CHa)zN 0 LH{{:HS}Q
P ‘

COOH

Figure 3.11 Chemical structure of Rh B.

Figure 3.12 Degradation of Rh B using BaxSri-xTiO3 powders.
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Chapter 4 Origin of the Switchable Photocurrent Direction in BiFeOs

Thin Films

4.1. Introduction

Application of ferroelectric semiconductors in solar energy conversion has aroused
increasing interests in recent years. The internal electric field present in ferroelectric
materials can help to aid the separation of photoexcited charge carriers and improve the
energy conversion efficiency. As reviewed in section 2.3.1, BiFeOs is a room temperature
ferroelectric, and has a narrow band gap of c.a. 2.1 to 2.8 eV, making it the most interested
ferroelectric photocatalyst. Previous studies on the structural, optical and electrical
properties of BiFeOs showed that it is an intriguing and complex material with a range of
contradictory information reported such as the varying band positions, indirect/direct
band gap and p or n type conductivity. Unlike typical semiconductor photoelectrodes,
which can only produce one type of photocurrents — either anodic or cathodic, both of
BiFeOs photoanodes and photocathodes have been reported previously. It is of great
interest to investigate the photocatalytic behavior of BiFeOs photoelectrode — whether it
1s an n-type or p-type semiconductor and the underlying origin of its unique performance.
In this chapter, BiFeOs thin film was deposited on conductive FTO glass substrate for the

application as a photoelectrode and its photocatalytic behavior has been investigated.
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Switchable photocurrent was observed in the as-prepared BiFeOs; photoelectrode and the

origin of the ambipolar behavior has been studied.

Switchable photocurrent polarity under various stimuli is an important subject for the
development of advanced optoelectronic systems, logic devices and selective energy
conversion approaches!!>!1® This specific property usually can be realized in molecular,
hybrid, and inorganic nanoparticle material systems!!*!!>!117118 "For example, it was
demonstrated that molecular photodiode systems can switch photocurrent direction under

different wavelength irradiating light!!

, and hybrid systems such as composites of Titania
nanosheets and polyaniline layers exhibited an n- to p-type switchable photoelectrode
behavior by varying the applied potentials'!”. Semiconductor thin film photoelectrode
consisting of n-type Fe2Os and p-type CuFeO,, which are phase separated into
microdomains, also showed tunable photoresponses under varying bias!!'*. The principle

behind this is the control of charge carrier separation directions based on different

interfaces such as substrates, surfaces and the junctions formed between them.

In a PEC system with photoelectrode of single phase material, switchable photocurrents
are rarely observed. This is because for a typical n-type or p-type semiconductor, only
one direction of band bending at the semiconductor/electrolyte solution interface (upward

band bending for n-type and downward for p-type) can arise to form sufficient depletion
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region for charge carrier separation’!!*1?°. Combination of the two features in one
electrode with ease of fabrication and active PEC performance remains a challenge due

to complexities existed in multi-material systems design and fabrication.

4.2. Characterisation of BiFeO3 Thin Film

The surface morphology of the BiFeOs film is presented in Figure 4.1. The SEM image
shows that the grains are approximately 50-200 nm in size and form a homogeneous and
compact layer on the substrate. XRD pattern of the BiFeOs film is shown in Figure 4.2,
which indicates that the as-prepared film is of high phase purity with a rhombohedral

structure (ICDD 14-0181; space group: R3c).

Figure 4.1 SEM image of the BiFeOs film
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Figure 4.2 XRD patterns of the BiFeOs3 film

The optical properties of the as-prepared BiFeOs film were investigated by UV-vis
spectroscopy. Figure 4.3a shows the UV-vis absorption spectrum of the BiFeO3 thin film.
The absorbance curve goes through a slow increase from a wavelength of about 550 nm
then a sharp increase from about 450 nm. The linear regions in the derived Tauc plots

(Figure 4.3b) indicate that the indirect and direct allowed band gaps are 2.3 and 2.7 eV.

BiFeOs; can be viewed as a charge-transfer insulator, with the bandgap controlled by the
orbital overlap between the O 2p and the Fe 3d levels*’. According to previous studies'?!,
the valence band maximum of BiFeOs is rather flat, whereas the conduction band

minimum can be varied due to the possible momentum shift induced by the hybridization
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Figure 4.3 (a) UV-vis absorption spectrum of the BiFeQOs film. (b) Tauc plots for indirect (orange)
and direct (blue) allowed transitions.
between the orbital states and the valence state of Fe, which is dependent on oxygen
vacancies and stoichiometry. Therefore, a wide range of band gaps, from 2.1 eV to 2.8 eV,
have been reported for BiFeOs thin films where both indirect/direct band gap

characteristics have been observed!?!!??. The study by R. Palai et. al’’> showed that at
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room temperature (RT) BiFeOs has an indirect bandgap with direct gap lies only about
0.05 eV above it and the gap becomes more direct with increasing T. It can be interpreted
that there exist both direct and indirect photoexcitation of electrons at RT in BiFeO3, with
the indirect charge transfer dominating. Therefore the observed indirect optical bandgap

of 2.3 eV will be applied in the next part for the bandgap structure discussion.

15 Deg

120 Deg

0 Deg

0 Deg

Figure 4.4 (a) Topography image of BiFeOs (b) PFM phase image of BiFeOs3 (c) PFM phase image of
a polarization pattern of BiFeOs film after writing by DC bias with — 10 V and + 10 V.

Ferroelectric properties of the as-prepared BiFeOs film were characterised using PFM.

Figure 4.4 (a) shows the topography image of the BiFeOs film. Figure 4.4 (b) shows the
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phase image of the BiFeOs film. It can be seen from the phase image that the as-prepared
BiFeOs; has a single-grain single-domain structure. Figure 4.4 (c) shows domain
switching behavior of the BiFeOs film. A 5 um x 5 pm square region in the center of the
image was switched by applying a DC bias of + 10 V on the bottom half part and — 10 V

on the top half part, demonstrating the ferroelectric nature of the as-prepared BiFeOs film.

4.3. Photoelectrochemical Measurements

Current density vs. applied potential plots under chopped light for BiFeOs3 electrode in
NazS04 and NaSO4-H>O:> electrolytes are presented in Figure 4.5. Surprisingly, both
cathodic and anodic photocurrents were observed in the applied potential ranging
from - 0.3 to 1.7 Vnue. H202 was chosen here as a hole scavenger, with higher rate
constant for oxidation than water and a relatively negative reduction potential (E? =
+0.68 Vrue for the O2/H20; couple) than that of water (E” = 1.23 Vrug for the O2/H>0
couple)!®. By efficiently collecting all holes arrived at the electrode/electrolyte interface,
the addition of H»>O» in electrolyte can help to find out the on-set potential of the
photocurrents, the value of which is usually shifted anodically due to the slow carrier
transfer kinetics in aqueous electrolyte solution. With the addition of H>O», the
photocurrents switch point, which is the on-set potential for both of the anodic and

cathodic photocurrents, can be seen from the plot, with a value of 0.3 Vnue. On-set

89



Chapter 4
potential of the photocurrents is correlated to the flat band potential of the photoelectrode,
which indicates the starting position of band bending. Therefore, the switch point
potential here can indicate the Fermi level position of the as-prepared BiFeOs electrode,

which is roughly around 0.3 Vnge.

Applied Potential (V, vs NHE)
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Figure 4.5 Current density vs. applied potential plots under chopped light of the BiFeQOs electrode
in either 0.2 M Na:SO4 or 0.2 M Na:S04-0.5 M H20:.
Generally, cathodic photocurrents can be generated in p-type semiconductors and anodic
photocurrents in n-type semiconductors. The reason that no cathodic photocurrents
generation in an n-type semiconductor is that in a typical n-type semiconductor, the Fermi
level position is very close to its CBM (~ 0.2 eV)!1123, At potentials negative of its flat

band potential, the band bending suffices to force the Fermi energy into the band, there
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will be excess of majority charge carriers injected to the space charge region and an
accumulation region will be formed instead of the depletion region. At this situation, the
so-called ‘degenerate surface’ will be formed and the semiconductor electrode will
behave like a metal electrode and have a large carrier transfer no matter in the dark and
under illumination, there will be no effective photocurrent generated”!''!12#125_ An inverse

but analogous situation occurs in a p-type semiconductor.

However, the BiFeOs photoelectrode here shows both cathodic and anodic photocurrents
varying with applied potentials. It indicates that two depletion regions are formed under
the varying applied potentials. This is quite different from typical semiconductor
photoanodes as that has been reported in the studies of TiO2'%°, BiVO4'?’, Fe,03'%8, or
representative photocathodes of Cu-based compounds such as CuBi>O4 and CuFeQ,'**13°,
Based on the PEC results, it can be assumed that the as-prepared BiFeO3 film possess a
Fermi level position near the middle of the band gap. To verify our assumptions, Kelvin
Probe (KP) and ambient pressure x-ray photoelectron spectroscopy (APXPS)
characterisation have been carried out to obtain the VBM and Fermi level of BiFeO3 film.
The results are shown in Table 4.1. Among them, the band gap was obtained by UV-vis
characterisation, VBM was obtained from APXPS and Fermi level was from KP

characterisation, and CBM and middle of bandgap were calculated using the other values.

The measured Fermi level position of the BiFeOs film is 0.46 VnuE, very close to the
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middle of band gap (0.43 Vnur). The measured Fermi level position is slightly positive
than the evaluated value (0.3 VnuE ) from on-set potential of the photocurrents. The reason
for it needs further study. Here we will use the measured value for the discussion of next
parts. However, it is worth noted that both of the values support the assumption of the
formation of two depletion regions. With these information, a band diagram of the as-

prepared BiFeOs film has been drawn and depicted in Figure 4.6.

Table 4.1 Band positions of BiFeO; film

Band gap VBM CBM Middle of Bandgap Fermi level
536V - 6.08 Vvac/ -3.78 Vvac/ -4.93 Vyac/ -4.96 Vyac/
D e
1.58 VnHE -0.72 Vnhe 0.43 Vnhe 0.46 Vnhe
0.0 -4.5
-0.5 —+ -4.0
-5 L -3.0
=25 | -20
-35 - -L0
— CB
-4.5 s s TR H*/H, (V=0)
------------------------- EF
- 4 +1.
53 -----9----:, ------------------ 0,/H,0 (V=+1.23)
-65 | 420 ve
-7.5 4 +3.0
Eyac | Electrochemical
Scale (NHE) (V)

Energy Scales

Figure 4.6 Band diagram of BiFeO; film.

With the KP and APXPS results, the schematic band diagrams of the BiFeOs
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photoelectrode in an electrolyte (Na;SO4 solution) can be depicted as that in Figure 4.7
HRURIRBIGI HIE. . $5RIRIRBIGIHIE. ais the BiFeOs electrode band positions
before its contact with the electrolyte solution, with no charge transfer thus no band
bending. When the electrode comes into contact with the electrolyte solution, electrons
will transfer from/to the electrolyte to achieve an equilibrium at which the Fermi level of
the electrode is the same as the redox potential of the electrolyte. Upward band bending
then arises followed by the formation of the depletion region, as it depicted in Figure 4.7b.
Under potentials positive of the flat band potential, Fermi level shifts more positively and
the upward band bending increases (shown in Figure 4.7c). As a result, the depletion
region increases, and the photoexcited charge carriers will be separated more efficiently
and increased photocurrents will be observed. Figure 4.7b and Figure 4.7c is the
schematic generation of anodic photocurrents from the view of band diagrams variation,
which is the typical procedure for an n-type semiconductor. Since the BiFeO;
photoelectrode has a near-middle-bandgap Fermi level position, a depletion region can
also be formed by downward band bending, as shown in Figure 4.7d. That means, when
the applied bias becomes more negative than the flat band potential, the BiFeOs electrode
will behave as a photocathode, generating cathodic photocurrents and showing

characteristic of a ‘p’ type semiconductor.

93



Chapter 4

Vacuum

E Ve | "
\NHE

- 20 — -25

(a) (b) (c) (d) - -

—_— - -
—/ ................... — 0.0 — -4.5

- #1.0 — -55

_/ —| +20 — 65

— #3.0 — -7.5

In equilibrium with  Under positive bias Under negative bias

Before contact
the electrolyte (1.3 V vs NHE) (0 V vs NHE)

Figure 4.7 Schematic band diagrams of (a) a bare BiFeOs electrode (b) BiFeOs electrode in
equilibrium with the electrolyte (Na2SO4 solution) (c) BiFeQs electrode under bias positive of the
flat band potential (1.3 VnuE) (d) BiFeOs electrode under bias negative of the flat band potential (0
VNHE).

The position of the Fermi level within the bandgap is determined by the electron
concentrations, which is a function of the donor and acceptor concentrations in extrinsic
semiconductor®. For a typical n-type semiconductor, the donor concentration is
dominating and the position of Fermi level is close to the CBM, and the difference
between them is about ~ 0.1 to 0.2 eV¥!%, However, in compensated semiconductors
such as BiFeOs, the Fermi level position can be varied depending on the doping

concentration of the cation vacancy (Bi and Fe vacancy) as acceptor and the oxygen

vacancy as donor. BiFeOs is well known for its complexity arising from the ease defects
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formation. P-type conductivity is usually observed under normal (oxygen-rich)
processing conditions with Bi and Fe vacancies dominating, and n-type conductivity is
usually observed under oxygen-poor processing conditions with oxygen vacancy
dominating®>!*!132_In our study, the BiFeOs film is slightly p-doped, with the Fermi level
position slightly positive than the middle of band gap. This allows the upward and
downward band bending at the electrode/electrolyte interface when it works as the

photoelectrode and presenting switchable photocurrents at different applied bias.

4.4, Summary

In this chapter, a switchable photocurrent in BiFeOs photoelectrode was reported for the
first time. The origin of the ambipolar behavior has been investigated by electrochemical
method and explained from the perspective of energy band diagrams. APXPS
characterisation has been carried out to obtain the VBM and Fermi level position of the
BiFeOs film. Measurement of the VBM and Fermi level position gives out direct

information of the BiFeO3 band structure and it agrees well with the PEC results.

The specific bandgap structure of the BiFeOs photoelectrode provides it with the
advantage of generating either anodic or cathodic photocurrents as a function of applied

bias. Since the CBM and VBM of BiFeOs straddle the water redox potential, it is possible
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to promote either the hydrogen or the oxygen evolution at one electrode just by tuning
the applied potentials and thus allow for selective PEC oxidation or reduction, arousing
particular interest for its future application in solar energy conversion. Furthermore, this
finding can be adapted to understand and predict other semiconductor photoelectrodes
with analogous ambipolar behavior. It also gives a hint of the way to prepare switchable

photoelectrode materials in the future, especially for the compensated semiconductors.
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Chapter 5 Photoanode Performance of Bi2FesOg Thin Films with Visible

Light Activity

5.1. Introduction

Compounds containing Bi** have been found to be narrow-band-gap semiconductors. It
has been suggested that Bi** containing compounds can show high PEC performance
under visible light due to the strong hybridization between O-2p and Bi-6s orbitals'3*134,
It has also been found that hybridized energy bands can increase the separation of
photoexcited holes and electrons and further improve the PEC conversion efficiency!.

Therefore, in addition to BiVOs, other Bi-based compounds, CuBi>04'%°, BiFeOs®!, and

Bi;WOs'7 have attracted interest as possible visible light photocatalysts.

The Bi-based compounds, BizFesOo has attracted attention for a number of applications
such as semiconductor gas sensors and catalyst for ammonia oxidation to NO?>%%138_ Like
many other Bi-based compounds, Bi2Fe4O9 exhibits a narrow indirect band gap with
reported values ranging from ca. 1.9 to ca. 2.1 eV°*!*, Nanoparticles of BiFesOo have
been reported to be highly visible-light active photocatalysts with a near-infrared
absorption. These particles show good photocatalytic activity for organic contaminants

degradation'?140:141 However, to date there has been no reported studies on the use of
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BixFe4Oo thin films as photoelectrodes for PEC applications.

In this chapter, Bi2FesOo thin films were prepared using CSD method. The morphology,
structure, elemental composition and chemical states and optical properties have been
characterised. The photoelectrochemical performance of the as-produced thin films has

been investigated through the PEC test system.

5.2. Characterisation of Bi:FesOg Thin Film

Bi:Fe1O»

FTO

Glass

500nm

Figure 5.1 SEM image of the Bi:FesOy film (a) top view (b) cross section view.

The morphology and structure of the BixFesOo film was characterised using SEM and
X-ray diffraction. Figure 5.1a shows a typical surface SEM image of Bi2Fe4Og exhibiting

limited surface texture and a grain structure from 50 — 200 nm. Figure 5.1b shows a
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cross-section of a typical film indicating that the film is ca. 150 nm thick and consists of
a number of small crystallites. X- ray diffraction pattern of the as-produced film (Figure
5.2) confirms that a phase pure sample of BixFe4sO9 has been produced with an
orthorhombic structure (ICDD 74-1098; space group: Pbam) and lattice constants of
a=7.950A,b=8.428 A, and c = 6.005 A. All additional peaks in the diffraction pattern

can be attributed to the substrate.

SnO,
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Figure 5.2 XRD pattern of the BizFesOy film.

XPS was undertaken to characterise the elemental composition and chemical states of the
Bi2Fe4Oo film. The XPS spectra of a typical sample is shown in Figure 5.3, with the XPS
full survey spectrum shown in Figure 5.3a. A detailed view of the bismuth 4f spectrum is

given in Figure 5.3b and shows two distinct peaks: the Bi 4f7, peak at 158.9 eV and the
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Bi 415, peak at 164.2 eV. Both of the two peaks and their positions are characteristic of

the presence of bismuth in the + 3 oxidation state, as expected for Bi2Fe4Oo.
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Figure 5.3 (a) Survey spectrum, (b) Bi 4f, (c) Fe 2p and (d) O 1s XPS spectra of Bi2:FesOy film.

The Fe 2p core level, shown in Figure 5.3c, consists of two peaks located at 723.7 eV

(Fe 2p12) and 710 eV (Fe 2p32). The Fe 2p3» peak was deconvoluted into two peaks

located at 711.1 eV and 709.6 eV, corresponding to Fe*" and Fe?’, respectively. The

formation of Fe?" is attributed to the presence of oxygen vacancies commonly occurring

in the deposition processes of perovskite thin films

142,143

, which is further confirmed in
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the O 1s spectrum (Figure 5.3d): the deconvolution of the Ols line results in peaks at
529.5 eV and 531.5 eV. The peak at 529.8 eV comes from the M-O-M bonds and that at
531.5 eV is due to a high number of defect sites with a low oxygen coordination, i.e. due

to the presence of oxygen vacancies in accordance with the presence of Fe?".
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Figure 5.4 UV-vis absorbance spectra and derived Tauc plots corresponding to the allowed direct

(left insert) or allowed indirect (right insert) band gap.

101



Chapter 5

The optical absorption of the BioFe4O9 films was characterised using UV-vis spectroscopy.
As shown in Figure 5.4a, the sample demonstrates light absorption over a wide range of
frequencies ranging from the UV into the visible, consistent with the reported band gap
of around 2 eV. It has been reported in previous studies that the Bi2FesO9 nanoparticle
samples had near-infrared light absorption, which was ascribed to the splitting of Fe 3d
transitions!4*!#!, For the Bi,FesOpo thin film samples, a broad, shallow absorption peak
can be observed between 650 nm to 800 nm, and a distinct absorption edge starts from
~ 600 nm and increases with decreasing wavelength. The good visible light absorption of

the material indicates the possibility of photoactivity under visible-light illumination.

The linear regions in the derived Tauc plots (Figure 5.4b) indicate indirect and direct band
gaps of 2.1 and 2.8 eV. The band gap associated with the indirect transition is close to
ideal for solar water splitting'*4, giving an indication that the material will be able to drive
photochemical processes under visible light. However, the indirect transition means that
there will be limited light absorption across the thin sample and gives some clues as to
why nanoparticles have been of interest to date: the absorption cross section and scattering
associated with nanoparticles can add to the effective pathlength and increase absorption.
However, the presence of a direct transition at an only slightly higher energy of 2.8 eV
means that there is still strong absorption within the visible region, as seen in the

absorption spectrum (Figure 5.4a).
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In order to understand the variety of photochemistry that can be driven on the surface of
a photocatalyst, the band structure of the system must be understood. In order to estimate
the relative band positions of the BixFe4O9 films, the optical band gap and flat band

potential are required.

In Figure 5.5a, the extrapolation of the Mott-Schottky plot to the x intercept gives a flat
band potential for BioFe4O9 of — 0.1 V (vs Ag/AgCl) or 0.1 V (vs NHE). The flat band
potential for an n-type semiconductor approximates to the Fermi level (Er) position”?.
Depending on the structure of the defects and contribution to Er there can be an energy
difference from 0.2 eV (typically associated with oxygen vacancies) to a negligible gap
(< 0.1 eV) between flat band potential and the conduction band for an n-type
semiconductor®. It is therefore able to estimate the conduction band position of BiFesOo.
Based on this value and the measured indirect band gap of 2.1 eV, a band diagram was
constructed, as shown in Figure 5.5b, indicating BioFe4O9 has significant overpotential

for photocatalytic water oxidation.
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Figure 5.5 (a) Mott-Schottky plot for Bi2Fe4O9 electrode measured in the dark (b) schematic

illumination of the estimated location of the conduction and valence bands in BizFesQo9 with respect

to the redox potentials of water splitting.
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5.3. Photoelectrochemical Measurements

The photoanodic activity of BixFesO9 films was investigated using a standard three
electrode PEC cell. Figure 5.6 shows the photocurrent-voltage (I-V) curves of a BioFe4O9
photoelectrode illuminated using full AM1.5G and visible light only (A > 420 nm)
irradiation. The data shows a steady increase in photocurrents with increasing applied
bias and the photocurrent at 1.23 V vs NHE reached 0.1 mA/cm? under full light
illumination. When other bismuth ferrite films are considered, such as BiFeOs3, the values
of photocurrent for BioFe4Oog are considerably larger or comparable depending on the film
manufacture process. For example, Yu et al.® produced BiFeO; films deposited by
pulsed laser deposition (PLD) and obtained ~ 0.09 mA/cm? at 1.23 V vs NHE under 1 sun,
which was higher than that reported by Quynh!'*® who also prepared BiFeOs; by PLD
giving ~0.06 mA/cm? at 1.1 V vs NHE under 1 sun. A BiFeOs film deposited on epitaxial
SrRuOs3/SrTiO; substrate by sputtering has been reported to have a much lower value of
~0.01 mA at 1 V vs NHE®'. When the UV was filtered from the AM1.5G illumination,
the photocurrent from Bi>Fes4Oy for pure visible light reached 0.05 mA/cm?at 1.23 V vs
NHE. This indicates that changing the composition of this compound slightly to BizFe4sO9
offers large benefits for PEC water oxidation performance, particularly considering the
low-cost deposition method. To confirm the visible-light performance of the BizFe4Oo

thin films, photocurrent was measured with the UV portion filtered from the AM1.5G
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illumination (A > 420 nm) and it reached 0.05 mA/cm? at 1.23 V vs NHE. This

photocurrent demonstrates the potential for BioFesOo to be a visible light active catalyst.

It can be seen from Figure 5.6 that the onset potential of BizFe4Oo is around 0.6 V vs NHE,
while the flat-band potential derived from the Mott-Schottky plot is 0.1 V vs NHE,
indicating an over potential of around 0.5 V exists between the onset potential and flat-
band potential. This is analogous to the situation of a-Fe>O3 and BiFeOs electrodes: it has
been reported that large over-potentials exist between the flat band and the onset potential
of Fe2O3 photoelectrode as well as that of BiFeOs resulting from a number of limiting
factors such as surface states'*”!8, Besides the large over-potential, the chopped light
chronoamperometry curves also showed obvious transient photocurrent peaks upon
turning the light on and off. Such peaks are known to be associated with a variation in the
rates of carrier extraction across the semiconductor interface'®!*°. In order to investigated
this in more detail, a typical hole-scavenger, H2O2, was added into the electrolyte solution

for further study.
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Figure 5.6 I-V curve for BizFe4sO9 under both 100 mW/cm? AM 1.5 G and visible light irradiation
(A > 420 nm) in Na:SOs electrolyte (pH 6.5).
Figure 5.7 shows a plot of current density vs applied potential under chopped illumination
using two different electrolytes: 0.2 M NaxSO4 and 0.2 M Na;S04-0.5 M H2Oo. It can be
seen that the addition of H2O: to the electrolyte changes the onset potential of the
photocurrent to 0.2 V vs NHE. This change in the onset potential aligns closely to the flat
band potential that was measured using Mott Schottky of 0.1 V vs NHE. The transient
photocurrents associated with the non-equilibrium extraction of holes and electrons have
also been significantly reduced upon the addition of H>O> and the photocurrent at 1.23 V
vs NHE increased to 0.25 mA/cm?. Transient photocurrents under chopped illumination

have been observed in a range of photoanode materials such as Fe;03'>° and BiVO4!®!,
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Figure 5.7 Current density vs applied potential plots under chopped illumination (1 sun AM 1.5 G)

for BizFesOy electrode without and with a hole scavenger (H202).

This phenomenon was attributed to the hole accumulation at the photoanode/electrolyte

149

interface’™. As demonstrated by the experimental results, the producing of transient

photocurrents can be suppressed either by applying sufficient potential or adding hole

Scavengers.

The inhibition of transient photocurrents or the reduced hole accumulation at large
applied potentials can be understood from the view of energy band bending diagram. A
schematic illustration is presented in Figure 5.8 for understanding the origin of the
transient photocurrents and the migration pathways of photoexcited carriers under

different applied potentials. There are mainly three pathways of the photoexcited
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electrons and holes: (O extraction to redox reactions; @ bulk recombination and
3 back electron-hole recombination. Only the path way (1) contributes to the effective
photocurrents. Both of the bulk recombination and back electron-hole recombination
limit the photocurrents generation. Under moderate applied potentials, for example,
+ 0.7 Vnue (Figure 5.8a), the band bending is small and there is a high chance for the
photoexcited charge carriers to either recombine in the bulk (@) or on the surface ().
In this case the photocurrents produced has a small value (0.005 mA/cm? under full light
irradiation) and the transient photocurrents are obvious. When the applied potential
increased to a larger value, i.e. +1.4 Vnue (Figure 5.8b), the band bending increases and
the depletion region will increase correspondingly. The charge carriers will get more
chance to migrate to the depletion region and be separated more efficiently due to the
increasing driving force arising from the increased band bending. The holes arrived on
the electrode surface will be more energetically favorable for the water oxidation reaction.
Accordingly, the back electron-hole recombination will be largely inhibited, resulting in

an increased photocurrent (0.15 mA/cm? under full light irradiation).
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Figure 5.8 A schematic illustration of the energy diagrams and processes involving the migration of
the photogenerated charge carriers in the BizFesO9 photoelectrode under different applied
potentials. (a) +0.7 Vnue (b) +1.4 VNuE
The addition of a hole scavenger can speed the kinetics of water oxidation. It is well
known that the 4-hole oxidation of water to molecular oxygen has a sluggish kinetics,
which means that there is an excess generation of photoexcited holes over the rate of
extraction to perform the electrochemical reaction'>?. As stated in section 4.3, H,O> is an
ideal hole scavenger since it has much higher rate constant for oxidation than water (10
to 100 times) and a relatively negative reduction potential than that of water'*’. The
addition of H2O: as a hole scavenger can promote the reaction of accumulated holes at

the electrode/electrolyte interface and suppress back electron-hole recombination. The

addition of a hole scavenger demonstrates that the photocurrents of Bi2Fes4Oo electrode
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can be further improved by eliminating the hole injection barrier at the
electrode/electrolyte interface, for example by combination with co-catalysts or reduction

in surface trap states.

A key consideration for the use of photocatalytic materials is the stability of the system
under illumination. The stability of the Bi2Fe4Oy electrode was tested by measuring the
photocurrent over time (/-f), as shown in Figure 5.9. The I-t curve was obtained under full
sunlight illumination in a 0.2 M Na>SO4 electrolyte. It can be seen from the I-t results that
there is no loss of the photocurrents during the 3 hours test, indicating the good stability

of Bi2Fe4Oo films under illumination as a photoanode.
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Figure 5.9 Photocurrent density—time curves of BizFe4Oy electrode measured at an applied potential
of 1V (vs Ag/AgCl) for 3h in 0.2 M Na2SQ4 solution under 1sun illumination.
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5.4. Summary

This chapter has outlined the development of BiFesO9 as a novel photoanode for
photoelectrochemical water oxidation. Phase-pure BioFe4Oo films have been synthesized
via a simple CSD method using a stoichiometric Bi/Fe molar ratio of 0.5:1 for the
precursor preparation. The BioFe4O9 photoanode exhibits an indirect bandgap of 2.1 eV
and direct transition at 2.8 eV leading to a strong visible light response. The measured

band positions indicate suitability for water oxidation.

PEC tests demonstrate high activity of the BioFe4O9 electrode under AM1.5G and visible
light illumination. The photocurrent at 1.23 Vnug reached 0.1 mA/cm? under full light
illumination and it reached 0.05 mA/cm? under visible light. The photocurrent values of
Bi2FesOg are considerably higher or comparable compared to other bismuth ferrite films
reported in literature. Though the photocurrent of Bi2Fe4Oo is not comparable to Fe2Os,
which is the representative photoanode material currently, considering it is a planar film
with no nanostructuring, there’s a high chance for the improvement of photocurrent by

obtaining films of higher surface area and more light scattering centers.

By adding a hole scavenger, we have demonstrated that a hole injection barrier exists at

the surface of the BioFes4Oy electrode. This indicates that the PEC performance of the
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material can be further improved by methods such as modification of surface states to
enhance carrier extraction. The BixFesO9 combines strong light absorption, easy
fabrication and good stability under illumination, making it a promising candidate for

photoanodes in application of practical solar energy-driven PEC water splitting.
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Chapter 6 Effects of Ferroelectricity on Photocatalytic Activity of

Nanoscale Ba,Sr;., TiO3; Powders

6.1. Introduction

The effect of ferroelectricity on photocatalytic activity has been reported in several
material systems such as BaTiO3 and BiFeQOs, including that of particles and thin films.
When considering the ferroelectric effect on the photocatalytic activity, there are two
factors/contributions must not be overlooked. One is grain size effect, the other is domain
wall contribution. As reviewed in chapter 2, the ferroelectric polarization can be
suppressed in some degree when the material size reducing to nanoscale, making it
difficult to characterise by common techniques such as XRD. Thus it is important to
confirm the polar/non-polar structure of the ferroelectrics before further comparison of
their photocatalytic activity. Besides, the domain wall contribution can be dominating in
performance of ferroelectrics*?, which have not been taken into account in the previous
studies of ferroelectric photocatalyst. Thus, it is of our interest to obtain ferroelectric
materials of single-domain-single-grain structure to eliminate the contribution from
domain walls and probe the effect of ferroelectric polarization on the photocatalytic

activity in a simplest system.
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In this chapter, nanoscale barium strontium titanate powders have been prepared to
investigate the ferroelectric effect on photocatalytic activity in single-grain-
single-domain structures. Samples of two compositions, Bao.gSro2TiO3 (7¢ ~ 72 °C) and
Bao2SrosTiO3 (T ~ -148 °C) have been chosen as the target material. The polar, non-polar
structures of the as-obtained samples have been studied by various methods and
confirmed by Raman spectra. Photocatalytic activity of the two samples was evaluated
by comparing the photodegradation rate of Rhodamine B (Rh B). The BagsSro2TiO3
sample with polar structure showed enhanced degradation rate compared to Bao2Sro sTiO3
with non-polar structure. By obtaining both of the nonpolar- and polar-structured
Ba,Sr, ,TiO; nanoscale powders, the effect of ferroelectricity on the photocatalytic
activity can be ascertained directly, demonstrating the potential for ferroelectrics to

increase the solar energy conversion efficiency.

6.2. Characterisation of BaxSri1-xTiO3 Powders

6.2.1. Structure, composition and optical properties

Phase compositions of the two samples were analyzed using XRD and shown in Figure
6.1. No obvious peak splitting was observed at the peak of 26 = 45 for the Bap.sSro.2TiO3

sample as expected for a ferroelectric material with tetragonal phase below its curie point.
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The loss of ferroelectric feature in nanosized ferroelectric materials in the XRD patterns
has been reported in a number of previous researches*. This is mainly attributed to the
decreased spontaneous polarization in ultrafine ferroelectric particles, which can lead to
a reduced c/a ratio and make it difficult to be distinguished in the XRD patterns. Thus,

further confirmation of the polar/non-polar structure of the samples is needed.
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Figure 6.1 XRD pattern of (a) Bao.sSro2TiOs (b) Bao2SrosTiOs
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Figure 6.2 TEM images and diffraction patterns of Bao.sSro.2TiOs3 (a)(b)(c) and Bao.2SrosTiO3
(d)(e)(®). (a)(d) bright-field TEM image; (b)(c) selected area electron diffraction pattern ([100]

direction); (e)(f) selected area electron diffraction pattern ([001] direction).

Microstructure of the two Ba,Sr, ,TiO; samples were investigated by TEM (Figure 6.2).

According to electron diffraction patterns (see Figure 6.2c and Figure 6.2f), both of the
two samples are single-crystalline. Absence of domain wall features in the TEM image
and superlattice diffraction spots in diffraction patterns suggests that they are both single
domain structure®®3. It is noteworthy that the diffraction patterns also show a cubic
structure for both samples, which is consistent with XRD results. Again, this is related to

the size effect and the polar structure will need further confirmation.
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Figure 6.3 Raman spectra at room temperature for (a) Bao.sSro.2TiO3 (b) Bao.2SrosTiO3

Raman spectroscopy is a useful tool for study of the lattice dynamics of the nanoscale
ferroelectric systems, owing to its sensitivity to short-range distortions resulting from
microstructural defects. Compared to XRD, it is more suitable to probe local structure

and subtle symmetry changes**. Raman spectra of BagsSro2TiO3 and Bag2SrosTiOs
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collected at room temperature are shown in Figure 6.3a and Figure 6.3b. In the spectra of
Bag 3Sr9TiO3, the two peaks at 302 cm™ and 722 cm™ are the characteristic peaks of the
tetragonal phase, indicating the polar nature of Bao.gSro2TiO3 powder. The peaks centered
at 234 and 516 cm™ are attributed to disorder of titanium. Peak at 186 cm™ is resulted
from impurity in the sample. In the spectra of Bao »SrosTiO3, both first- and second-order
Raman scattering have been observed. Though for a ferroelectric material with perovskite
structure, the Raman spectra obtained above 7. should be dominated by second-order
scattering which consists of a low-frequency band at 79 cm™ and two broad bands
centered in the 200-400 cm™ and 600-800 cm'! regions, first order Raman peaks at ~ 173,
278, 531 and 780 cm’!, which is expected for Bag2SrosTiOs below T, are observed as
well. This phenomenon is analogous to that reported for nanocrystalline SrTiOs;
particles'®* and is believed to resulting from the defect-induced polar microregions,

especially for samples prepared by molten-salt method.

SEM images of the two BaxSri.xTiO3 samples are shown in Figure 6.4. Table 6.1 lists the
mean particle sizes and the BET surface areas of the two samples. It can be seen that
particle size of the two samples has a close value, and so does the surface area. For a
catalyst, particle size and surface area are important factors when evaluating the catalytic
efficiency of a system. Thus here, the preparation of two BaxSr;«TiO3 samples with close

surface area and particle size allows for comparison of influence from other contributions
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such as their polar/non-polar structure on the photocatalytic activity.

Figure 6.4 SEM micrographs of (a) Bao.sSro.2TiO3 (b) Bao.2Sro.sTiOs.

Table 6.1 Particle Size and Surface Area of BaysSrTiO3 and BagSrosTiO;

Average particle size BET surface area
Sample
(nm, SEM) (m?/g)
BaosSro.TiO3 70.8 7.3904
Bao.zsro‘gTiO3 652 79646

120



Chapter 6

1 o
(a) | s
m
=
&
>
=
% (2) - ot
e - a © @
-_ O o
=
—7rt r r r r 1117117
0 100 200 300 400 500 600 700 800 900
Binding Enenrgy (eV)
(b) [ 0 1s
E)
o N
=
]
c |2
[
<
=
v T ¥ T d T d T v T ¥
526 528 530 532 534 536 538

Binding Enenrgy (eV)

Figure 6.5 XPS spectra of BaxSr1«TiOs (1) survey spectra (2) O 1s spectra

(a) Bao.sSro.2TiOs (b) Bao.2SrosTiOs.

XPS was used to identify the composition of the as-synthesized BaxSr1-xTiO3 samples.
Figure 6.5(1) gives a XPS survey spectrum of the Bao sSro2TiO3 (a) and Bao »Sro.sTiO3 (b)

in the binding energy range of 0-900 eV. It can be seen that the BaxSri-xTiO3 samples
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contain only Ba, Sr, Ti, and O elements except for the C and Si signal, which is from the
carbon adsorption from atmosphere and the siloxane tape used. Figure 6.5(2) shows the
XPS spectrum of the two samples in the O 1s core level region. For Bag gSro2TiO3, two
peaks at 529.58 eV and 532.18 eV are observed. And for Bao2SrosTiO3, the two peaks
located at 529.73 eV and 532.52 eV. For both samples, the O 1s binding energy of around
529 eV is assigned to lattice oxygen, while the binding energy of around 532 eV is
ascribed to oxygen vacancy. The existence of oxygen vacancies in perovskite materials is
common, especially in those prepared by molten-salt method. This is due to the reducing

atmosphere arising from the decomposition of oxalate, which can yield CO and CO,'>>.

UV-vis diffuse reflectance spectra of the two samples are shown in Figure 6.6a. Their
band gaps were derived from the Tauc plot. As shown in Figure 6.6, the band gaps of
BaosSro2TiOs and Bao2SrosTiOz are both estimated to be 3.24 eV. The UV-vis data
demonstrated that the two Ba,Sr,_, TiO; samples have very close light absorption intensity
and thus almost the same band-gap value. This allows the comparison of their

photoactivity based on the same light absorption ability.
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Figure 6.6 UV-vis absorption spectrum and the derived Tauc plots of (a) Bao.sSro2TiOs and (b)
Bao.2SrosTiOs.

6.2.2. Characterisation of the polar structure dependence of BaosSro2TiOs powders

on grain size and temperature

As reviewed in section 2.2.4, when a ferroelectric material such as BaTiOs is cooled down
through the Curie temperature, it will transform from cubic to tetragonal structure. The
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strain and stress produced in this transformation can be released by the formation of
ferroelectric domains, including the 180°and non-180° domains. The non-180° domains
are usually primarily formed since it can minimize both of the elastic and electrostatic
energy. It was demonstrated by Arlt ez al. that the width of 90° domain in BaTiO3 ceramics
is proportional to the square root of the grain size*. Thus, the domain size decreases with
decreasing grain size. When the grain size reduced down to a sufficiently small size,
single domain will be more energetically favored than multi-domain structure. The grain
size below which the single domain structure appeared was reported to be around 400 nm
for BaTiOs ceramic by Zhao et al.’. It is of our interest to investigate the grain size at
which multidomain to single domain transformation happens in Bao.gSro2TiO3 samples,

since we want to assess the photocatalytic activity based on a single domain structure.

To carry out the study of the dependence of polar structure on grain size, BaogSro.2TiO3
powders of different grain sizes were obtained by post-annealing the BaogSro2TiO3
powders (possessed at 750 °C) in different temperatures. The Bao.gSro2TiO3 samples
were post-annealed at 950 °C, 1200 °C and 1350 °C for 10 hours, respectively. SEM
graphs of the as-obtained samples are shown in Figure 6.7. It can be seen from the figures
that the BaogSro2TiO3 grain sizes increase dramatically with annealing temperature
ranging from 750 °C to 1350 °C. Though large grains with a sub-micro/micro size can

be observed in all four samples, it is obvious that ultrafine grains with size smaller than
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100 nm are dominating in the 750 °C sample and larger grains subsequently become the

majority with increasing temperature, with micro-grains obtained in the 1350 °C sample.

Figure 6.7 SEM images of BaosSro2TiOs crystals processed at:

(a) 1350 °C (b) 1200 °C (c) 950 °C (d) 750 °C.
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Figure 6.8 DSC data for Bao.sSro.2TiO3 samples processed with increasing temperature.

DSC measurement was done to check the dependence of phase transition thermal
characteristics of the BaogSro2TiOs samples processed at different temperatures. Figure
6.8 gives DSC data for Bao.sSro2TiOz samples. It can be seen that the endothermic feature
near 60 °C which is attributed to the tetragonal-cubic transformation is only observed in
the sample post-annealed at 1350 °C. With decreased post-annealing temperatures, the
endothermic peak disappeared, this has been suggested to be the multi- to single- domain
transformation characteristic, as reported in the study of M. H. Frey et al.** In their study,
BaTiOs particles of different grain sizes exhibited multi- to single- domain transformation

at the size of ~ 100 nm, demonstrated by the hot-stage TEM since the domain twining
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disappeared when the particle size decreased to ~ 100 nm. In the meantime, the DSC
results showed a broadened and shifted thermal peak associated with the cubic-tetragonal
phase transformation, in consistence with the TEM results. Thus, it can be suggested that
the particle size at which the DSC phase transition peak broadened or even disappeared
is the size where multi- to single- domain transformation happens. From Figure 6.8 it can
be seen that Bao.sSro2TiO3z samples annealed at 1200 °C or lower temperatures showed no
phase transition peak, suggesting a single domain structure formed from the annealing
temperature of 1200 °C. Thus it can be concluded the BaogSro.2TiOz samples annealed at

750 °C has a single-domain-single-grain structure.
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Figure 6.9 Raman spectra for Bao.sSro.2TiOs (processed at 750 °C) at different temperatures.
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Raman spectra of the Bao gSro2TiO3 sample (processed at 750 °C) collected over a range
of temperatures between 25 and 200 °C have been obtained to reveal its phase
transformation with temperature changing through the Curie point (shown in Figure 6.9).
With increasing temperature, the two peaks (at 302 and 722 cm™') exhibit larger linewidths,
indicating that the tetragonality is accompanied by a decreased structural coherence®.
And the two peaks gradually vanish when the temperature increase from 25 °C to 90 °C,

demonstrating a tetragonal to cubic phase transition, which in turn, demonstrating that the

Bay S10.2TiO3 specimen has a tetragonal/polar structure at room temperature.

6.3. Photocatalytic Activity Assessment

The photocatalytic activities of the two Ba,Sr, ,TiO5 photocatalysts (750 °C processed)

are assessed by photodegradation of a target dye molecule — Rhodamine B under
simulated solar light. The two samples were dispersed in Rh B and the mixtures were
stirred under dark for 30 minutes to achieve the equilibrium between adsorption and
desorption of the dye molecules on the photocatalyst surface. The degradation procedure
then started by placing the mixture under the simulated solar light. It can be observed that
the dye colour faded with time going on, indicating the decreasing concentration of the
dye solution. Change of the dye solution concentration can be characterized by the UV

vis measurement, by comparing the absorption intensity of the dye solution obtained in
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different degradation stages.

Figure 6.10a and Figure 6.10b give the UV-vis absorption spectra of Rh B dye solutions
degraded for different time using Bao.gSro2TiO3z and Bao2SrogTiOs3 as the photocatalysts.
It can be seen that maximum absorption peak for Rh B was located at 554 nm and the
light absorption intensity decreased with the irradiation time. The absorbance at zero time
relates to the initial concentration of the Rh B dye and its intensity at Amax (554 nm) was
recorded as Co. The concentrations of other samples, taken as Ci, are determined from the

absorption measurement at 540 nm as well.
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Figure 6.10 UV-vis absorption spectra of Rh B dye solutions collected in different degradation
stages by use of BaosSro2TiOs (a) and Bao2SrosTiOs (b).

The photodegradation intensity X at different stages can be obtained following the

equation below:

X(%) = (1-Ci/Co) * 100 Eqn (6.1)
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The photodegradation curves of Rh B of the two Ba,Sr, ,TiO; samples are shown in

Figure 6.11. It can be seen that Bao sSro2TiO3 showed higher rate in Rh B degradation.

Intensity (C/C))

20 - = Ba Sr ,TiO, N
—— Bac,IZSrMTiO3

o 717
0.0 05 1.0 1.5 2.0 2.5 3.0 35 4.0

Time (h)

Figure 6.11 Comparison of degradation profiles of Rh B with the two catalysts under solar
simulator.
A Langmuir-Hinshelwood model is usually used to reveal the dye degradation kinetics,
from which a simplified relationship between the dye concentrations and the reaction rate

k can be obtained!>®:

In

al|&
N—"
Il

kt Eqn (6.2)

The derived k of the two degradation process is shown in Table 6.2.
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Table 6.2 Photodegradation rate k of the two samples

Photocatalyst k (min™)
BaosSro2TiOs3 0.1794
Bao,zsro_gTiC)g, 0.1147

By comparing the photodegradation rate & in Table 6.2, it can be seen that Bao.gSro2TiO3
powders with polar structure has larger reaction rate than that of non-polar Bao.2Sro.sTiOa.
In our previous characterizations, we have evaluated other possible factors that can affect
the photocatalytic performance of the two samples, such as the morphology, surface area
and band gap. The two Ba,Sr, , TiO; samples possess close surface area and the same
band gap values. Besides, the two samples are single-grain single-domain structure,
allowing for the comparison of ferroelectric effect without the contribution from domain
walls. Thus, the enhanced photocatalytic performance of the BagsSro.TiOsz can be

attributed to the effect from its polar structure.

Effect of ferroelectricity on photocatalytic activity mainly comes from two contributions.
The first is presence of the internal electric field within ferroelectric materials, which can
aid the separation of photoexcited electrons and holes in the bulk of the photocatalyst and
reduce their recombination chances. As reviewed in section 2.2.6, spontaneous

polarization arises from the polar structure of the ferroelectric material and has a direction
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pointing from the negative charge to the positive charge. An internal electric field is then
produced between the positive and negative charges, pointing from the positive charge to
the negative charge. This electric field will drive the photoexcited electrons and holes to
opposite directions in the bulk of the ferroelectric photocatalyst, reducing the charge

carrier recombination and promoting the solar energy conversion efficiency.

The second is the ferroelectric polarization induced band bending at the surface, which
can act as thermal barrier to charge recombination. The spontaneous polarization will
induce internal and external screening. Internal screening comes from the moving of free
electrons and holes in the conduction and valence bands, and the accumulation of
electrons and holes at opposite sides of the material will lead to surface band bending.
Surface band bending will create the space charge region which can help to separate the
carriers produced in or drifted to this area and can thus inhibit the recombination of charge

carriers.
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Figure 6.12 Schematic illustration of migration of the photoexcited electrons and holes in (a) polar
BaosSro2TiOzand (b) non-polar Bao2SrosTiOs.

Figure 6.12 gives a schematic graph of the photoexcited charge carriers migration in the

two BaxSri-xTiO3 samples. For carriers generated in Bap2SrogTiOs with non-polar

structure, they have a much higher recombination chance since no barriers present within

the photocatalyst. While in BaogSro.2TiOs3, the polarization induced surface band bending

will act as a thermal barrier to reduce the charge carrier recombination chances.
6.4. Summary

In this chapter, the effect of ferroelectricity on photocatalytic activity was investigated

using barium strontium titanate single crystal particles as the target photocatalysts.
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Nanoscale Ba,Sr,; ,TiO; particles have been synthesized successfully by a molten-salt

method and their domain structure and polar/non-polar structure have been investigated.

It was demonstrated that the Ba,Sr, , TiO5 samples processed at 750 °C are single-domain

structure, and the BagsSro.TiOs has a polar structure at room temperature. The
ferroelectric effect on photocatalytic activity is then evaluated in the single-grain-
single-domain structured ferroelectric photocatalyst for the first time, without possible

contribution from the domain walls.

The photocatalytic activity of the two Ba,Sr, , TiO; samples, Bao.gSro.TiO3 with polar

structure and Bao2SrogTiOs with nonpolar structure, has been evaluated by
photodegradation of Rh B. The results showed that the dye degradation rate was
significantly enhanced by using BaoSro2TiO3z with polar structure. The enhanced rate
can be attributed to the internal electric field present in the polar structured ferroelectrics
which can aid the separation of the photoexcited charge carriers and the ferroelectric
spontaneous polarization induced band bending at the photocatalyst surface which can
act as thermal barriers to reduce the carrier recombination. The photodegradation
rate/activity of the BST powders are not comparable to the P 25 (commercialized TiO>
powders, which have a powder size of ~ 20 nm and a total degradation of RhB in 5

minutes). The size difference can be a main contribution to their different photocatalytic
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activity. Other possible factors, such as the catalytical activity, carrier diffusion length
and mobility need a further study. It is worthy to note that, the focus of this work is to
study the effect of polar structure on photocatalytic activity. The sample system has been
made simple to carry out the mechanism study and thus no optimization of the materials
has been made to achieve high photocatalytic activity. Based on our conclusion, the polar
structure can contribute to the photocatalytic activity. Thus the Bao gSro2TiOs with polar
structure can be used for further improvement of its photocatalytic performance or other
narrow band gap ferroelectrics can be utilized to achieve high photocatalytic performance

catalysts.

In conclusion, we demonstrate the effect of ferroelectricity on photocatalytic activity in
single-grain-single-domain structured ferroelectric photocatalysts. This provides the very
original proof that it is the internal electric field within the single domain rather than other
possible contributions such as the domain walls that enhances the photocatalytic
efficiency. Besides, our study gives out the suggested characterization methods that are
important in evaluating the ferroelectric effect on photocatalytic activity when using

small sized ferroelectrics, which can benefit future studies of ferroelectric photocatalysts.
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Chapter 7 Conclusions and Future Work

7.1. Conclusions

Photocatalytic performance of three photocatalysts, BiFeO3 thin films, BizFe4O9 thin
films and nanoscale BaxSrixTiO3 powders have been investigated to study the effect of

polar structure on photocatalytic properties of ferroelectric semiconductors.

7.1.1. The ambipolar photoelectrode performance of BiFeOs and the

understanding of it

BiFeO3 was chosen as the first target material in this research. A switchable photocurrent
in BiFeOs photoelectrode was observed and the origin of the ambipolar behavior has been
investigated by electrochemical method and explained from the perspective of unique
electronic structure of the as-prepared BiFeOs film. Different from typical semiconductor
photocatalysts, the Fermi level position of the as-prepared BiFeOs is not close to the
minimum conduction band, which gives the possibility for formation of depletion region
arising from both of the upward and downward band bending at the electrode/electrolyte
solution interface. This provides it with the advantage of generating either anodic or

cathodic photocurrents as a function of applied bias.
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The derived band energy diagram shows that the conduction and valence bands of BiFeO3
straddle the water redox potential, thus it is possible to promote either the hydrogen or
oxygen evolution at one electrode just by tuning the applied potentials. Selective PEC
oxidation or reduction based on one single material can be carried out, which is promising

for application in solar energy conversion.

This finding can be adapted to understand and predict other semiconductor
photoelectrodes with analogous ambipolar behavior. It also gives a hint of the way to
prepare switchable photoelectrode materials in the future, especially for the compensated

semiconductors.

7.1.2. Photoanode performance of Bi2Fe4Og

BioFe4O9 thin film has been synthesized and applied as a photoanode for
photoelectrochemical water oxidation for the first time in this research. It is of our interest
to investigate the photocatalytic property of Bi2FesO9 mainly because it is the most often
reported bismuth ferrite besides BiFeOs, and it is also a small band gap material with the

ability to absorb visible light.

The Bi2Fe4Oo photoelectrode exhibits an indirect bandgap of 2.05 eV and direct transition
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at 2.80 eV leading to a strong visible light response. The measured band positions indicate
it is able to conduct overall water splitting. A high photocatalytic activity under visible
light illumination was demonstrated in the PEC tests. Possibility to further improve PEC
performance of the BizFesO9 photoelectrode has been studied. It shows that a hole
injection barrier exists at the surface of the BixFesO9 electrode and methods such as
modification of surface states can be expected to enhance carrier extraction and promote

the overall efficiency.

In conclusion, the BixFe4O9 combines strong light absorption, easy fabrication and good

stability under illumination, making it a promising candidate for photoanodes application.

7.1.3. Investigation of the effect of ferroelectricity on photocatalytic activity in

single-domain BaxSr1xTiOs (x = 0.2 and 0.8)

The effect of ferroelectricity on photocatalytic activity was investigated using barium

strontium titanate particles with single-grain single-domain structure. Ba,Sr; TiO;

powders have been synthesized successfully by a molten-salt method and their domain

structure and polar/non-polar structure have been studied. It was demonstrated that the

Ba,Sr,,TiO; sample processed at 750 °C is a single-domain structure, and the

Bao.sSro.TiOz has a polar structure at room temperature. Photocatalytic activity of the two
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Ba,Sr, , TiO; samples, BaosgSro2TiOz with polar structure and Bap2SrosTiOsz with

nonpolar structure, was evaluated by photodegradation of Rh B. The degradation rate was
significantly enhanced in BaogSro.TiOs. This enhancement was attributed to the
improved charge carriers separation due to the internal electric field present in the polar

structured ferroelectrics.

In conclusion, the effect of ferroelectricity on photocatalytic activity in single-grain-
single-domain structured ferroelectric photocatalysts has been demonstrated. This allows
for the assessing of ferroelectric effect in a single domain scale, which can eliminate the
possible contributions from domain walls. Besides, our study addressed the importance
of the characterisation of nanoscale ferroelectrics due to the possible size effect and
suggested several characterisation methods for assessment of the ferroelectric structure,

which can benefit the future studies on ferroelectric photocatalysts.

7.2. Future Work

® Investigation of the controllable synthesis of BiFeOs film with different doping levels
for use in practical photocatalytic systems, such as the selective photoreduction or
photooxidation of water. The findings of this work show that the conductive type of

the BiFeOs film can be adjusted through processing, thus can influence the associated
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photocatalytic performance owing to the band bending variations at the
semiconductor/electrolyte solution interface. Detailed work, for example the oxygen
pressure and annealing time could be further done to find out the dependence of
electronic structure of BiFeOs film on processing parameters for controllable film
synthesis, building up a connection between the film synthesis and photocatalytic
performance. The as-obtained BiFeOs; electrodes with controllable p or n
photoresponses can be expected to perform as the photoanode and photocathode

simultaneously in one Photoelectrochemical cell for water splitting.

Improvement of the photocatalytic performance of the BixFesO9 photoelectrode.
Since it is the first time for Bi2FesOo film synthesis and application as photoelectrode,
optimization of the film synthesis such as the film thickness and annealing procedure
could be conducted to achieve a better photocatalytic performance. Furthermore, as
demonstrated in the previous work, one main limitation for the as-prepared BioFe4Oo
electrode is the slow hole transfer kinetics at the electrode/electrolyte solution
interface. Addition of co-catalysts such as Co-Pi on the photoelectrode surface is
expected to enhance the photocurrents significantly. With the as-known suitable band
gap diagram of the BioFe4Oo and an enhanced photocurrent, Bi2Fe4O9 can be expected

to be a promising candidate photocatalyst for practical water splitting.
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Improvement of the photocatalytic performance of the BaxSri«TiO3 powders. The

molten salt synthesis procedure can be adjusted to obtain Ba,Sr, , TiO; powders with

smaller/optimized grain size to achieve larger surface area, which can help to

improve the photocatalytic activity by reduce the charge carrier transfer length. Also,

surface modification of Ba,Sr, , TiO; by noble metals such as Ag or co-catalyst could

be expected to promote the surface redox reactions and enhance the photocatalytic

activity further.
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