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ABSTRACT 

Photoelectrochemical (PEC) water splitting has recently gained particular attention as 

promising method to produce hydrogen through the conversion of solar light into 

chemical energy. A key challenge for this application is to reduce the high level of 

electron-hole recombination, which can significantly affect the efficiency of a PEC 

system. Ferroelectric polarization has emerged as new strategy to facilitate the separation 

of electron-hole pairs, driving them towards the opposite direction and consequently 

enhancing the water splitting performance. In this thesis, the influence of ferroelectric 

polarization on the photoelectrochemical properties of bare nanostructured BaTiO3 as 

well as nanostructured BaTiO3 combined with Fe2O3 photocatalyst is explored. 

Nanostructured BaTiO3 thin films are synthesized and employed as photoanodes for 

photocatalytic studies. Porous barium titanate (pBTO) thin films show a controllable 

porosity by tuning organic/inorganic ratios. Importantly, the switching of ferroelectric 

domains in pBTO thin films is still observed in the porous structures. The presence of 

porosity in pBTO thin films leads to a clear improvement of the PEC response. By 

electrochemical (EC) poling, the tuning of PEC performance of pBTO thin films via 

ferroelectric polarization is also demonstrated. In addition, the influence of oxygen 

vacancies on EC poling of pBTO thin films, prepared in different annealing conditions 

(O2, air, N2) is investigated, revealing that higher concentrations of oxygen vacancies 

limit the ability of these films to be controlled via poling. 

Lastly, Fe2O3/pBTO thin films are developed and studied. The composite film shows 

higher photocurrent density than pBTO and Fe2O3 and this is ascribed to the improved 

charge injection and separation in Fe2O3/pBTO. The possibility of achieving PEC 
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performance enhancements in Fe2O3/pBTO by controlling ferroelectric polarisation is 

also demonstrated. 

This research reveals the role of ferroelectricity on the photocatalytic activity 

enhancements in nanostructured BaTiO3 and Fe2O3-BaTiO3 films, which could benefit 

future work on ferroelectric photocatalysts. 
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1 INTRODUCTION 

1.1 The global energy transformation  

“You are here today to write the script for a new future. A future of hope and promise – 

we need the world to know that we are headed to a low-emissions, climate-resilient future, 

and that there is no going back”. With these words, Ban Ki-Moon, the United Nations 

Secretary-General, opened the 21st Conference of the Parties (COP21) of the United 

Nations Framework Convention on Climate Change (UNFCCC), which was held in Paris 

in December 20151. The outcome of this event was the “Paris agreement”, which establish 

the first-ever deal to legally bind governments for cooperation on climate change 

mitigation. The Paris Agreement does indeed highlight the urgency of a global energy 

transition to limit global temperature increase below 2 °C2,3. Above this target value, the 

consequence of climate change will be irreversible and catastrophic, as stated by climate 

scientists, social scientists and policymakers.  
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Therefore, in order to reach this future ambitious goal, the International Energy Agency 

(IEA) and the International Renewable Energy Agency (IRENA) clarified the essential 

requirements of an energy sector transition that would be in accordance with the target to 

keep the increase of global temperature to well below 2 °C 4.  

The total greenhouse gas (GHG) emissions (expressed as gigatons of carbon dioxide, Gt 

CO2, or “ carbon emissions”) which are attributed to the use and supply of fossil fuels, 

play an essential role in this global warming and in particular, two-thirds of all GHG are 

represented by energy-related carbon dioxide (CO2) emissions4. 

The analysis, reported in the REmap case, shows that it is necessary to reduce CO2 

emissions by 85 % between 2015 and 2050 and drop CO2 emissions by more than 70 % 

compared to the Reference Case in 2050. This future perspective produces an annual 

decline of CO2 emissions by 0.6 Gt on absolute terms, leading to 9.7 Gt of energy CO2 

emissions per year in 2050 (Figure 1.1). 

Moreover, the trend represented by the Reference Case, shows the future scenario of the 

energy use if the world continues to adopt policies that are currently in place. According 

to the Reference Case, energy CO2 emissions rises by 6 % from 33 Gt in 2015 to 35 Gt 

in 20504(Figure 1.1). 
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Figure 1.1 Study developed by IEA and IRENA on the potential CO2 emissions 

reduction in the Reference Case and Remap between 2010-20504. 

Therefore, a transition away from fossil fuels to low-carbon solutions is an essential 

requirement to meet the agreed Paris Climate target of well below 2 °C. A promising 

strategy to potentially achieve 94 % of CO2 emission reductions by 2050, is the 

development of higher energy efficiency and higher share of renewable energy4. 

1.2 Renewable energy  

Energy resources can be divided into three categories: fossil fuels, renewable resources 

and nuclear resources. Renewable energy resources, known often as “alternative sources 

of energy”, can be used to produce clean energy: solar energy, wind energy, biomass 

energy, geothermal energy. The share of renewable energy resources is expected to 

increase very significantly in the coming years. In particular, Table 1.1 reports the global 

renewable energy scenario by 2040. Approximately half of the global energy supply will 

come from renewables in 2040, according to the European Renewable Energy Council5. 
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Table 1.1 Scenario of global renewable energy by 20405. 

 

1.2.1 Solar energy 

Renewable resources are not all equal. As shown in Figure 1.2, the annual flow of energy 

from the sun overcomes all the other resources combined by orders of magnitude. Wind 

energy and Biomass could probably be secondary alternative resources to meet the 

planet’s energy requirements, but none of them could alone satisfy the world demand6. 

Therefore, the low-carbon energy transition for the well-being of the planet should be 

essentially solar-based.  
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Figure 1.2 Comparison between finite and renewable planetary energy resources 

measured in TW/years6. 

However, even if solar energy seems a promising solution toward sustainable energy 

consumption, the fluctuation of sunlight intensity at the earth’s surface related to the 

season and weather conditions and the diffuse nature of solar energy is a serious challenge 

for the inclusion of the photovoltaic technology in the electricity network. This imposes 

great advances for the development of a viable solar energy storage solution. For these 

reasons, the investigation of new methods for solar fuel generation that can significantly 

compete with fossil fuels has great importance6. 
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1.3 Hydrogen fuel 

Hydrogen presents great potential as energy vector candidate for solar energy storage, 

considering that it is sustainable, non-toxic and the most abundant element in the universe. 

H2 can be produced from both renewable resources (e.g. hydro, wind, wave, solar biomass 

and geothermal energy) and non-renewable ones (e.g. coal, natural gas and nuclear energy 

sources), ensuring an adaptive production that relies on the resources available in a given 

country7. However, more than 95 % of H2 production is currently based on the fossil fuels 

industry (e.g. steam methane reforming), which has a significant carbon impact. 

Hydrogen can also be generated by water electrolysis, where electricity is used in 

electrolysers for the splitting of water in hydrogen and oxygen, known as water splitting. 

However, water electrolysis requires 5 times more energy input than steam reforming and 

this energy may be generated from fossil fuels8. Thus, it is expected that only 4 % will be 

produced via water electrolysis in 20509 (Figure 1.3). 

 

Figure 1.3 Energy model for the global H2 production between 2000 and 20509. 
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Therefore, methods for the production of clean hydrogen from natural resources such as 

water and sunlight are necessary to develop a sustainable economy in the long term. 

Figure 1.4 shows an example of a sustainable energy path for hydrogen generation based 

on the combination of solar energy with water using solar water splitting. According to 

the system reported in Figure 1.4, after introducing water in a solar water splitting module, 

it is converted into hydrogen, which can be used in high-efficiency power production 

systems (e.g. fuel cells) to produce electricity. Moreover, when hydrogen is combined 

with carbon dioxide, obtained from the atmosphere or natural gas burning plants, 

methanol and synthetic natural gas can be produced. The development of those processes 

would offer numerous advantages in terms of a sustainable energy revolution. A route to 

realising solar water splitting is water photoelectrolysis where hydrogen and oxygen are 

generated at the semiconductor/water interface in a system named photoelectrochemical 

cell10. This technology is the focus of this PhD thesis and will be explained in more detail 

in Chapter 2. 

 

Figure 1.4 Sustainable hydrogen fuel cycle based on photocatalytic water splitting11. 
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1.4 Thesis structure 

This thesis is organized into seven chapters and they are summarised below: 

1. Chapter 1: This chapter offers an overview of the research background and a 

summary of the thesis structure. 

2. Chapter 2: Literature review. An overview of semiconductor photocatalysis and 

ferroelectric materials as semiconductors is reported. The basic mechanism and the 

devices based on semiconductor photocatalysts have been reviewed, focusing also on 

the factors influencing photocatalytic efficiency and the strategies adopted for its 

improvement. The definition, basic principle and beneficial properties of ferroelectric 

materials in photocatalysis have been reviewed. Moreover, the semiconductor 

materials used in this work have been introduced. 

3. Chapter 3: This chapter reports the experimental details of material synthesis and 

characterisation methods used in this project. 

4. Chapter 4: This chapter is focused on the development of nanostructured 

ferroelectric BaTiO3 thin films and the study of their PEC performance enhancement 

due to ferroelectric polarisation. Two different synthesis methods for the preparation 

of nanostructured and porous BaTiO3 ferroelectric thin films have been explored – 

hydrothermal synthesis and sol-gel synthesis of porous BaTiO3 – with only porous 

BaTiO3 films considered for the rest of this research project. The ferroelectric 

behaviour of porous BaTiO3 (pBTO) thin films is verified. The relationship between 

porosity and PEC performance in pBTO thin films is studied. The influence of 

ferroelectric polarisation on the PEC response of pBTO films via electrochemical 

(EC) poling is investigated and explained. 
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5. Chapter 5:  This chapter investigates the effect of EC poling pre-treatment on pBTO 

thin films with different content of oxygen vacancies induced by the annealing 

atmospheres (O2, air, N2). The correlation between annealing condition and oxygen 

vacancies is verified. The structure, composition and optical properties of the pBTO 

films, annealed in O2, air and N2 atmospheres (pBTO-O2, pBTO-air and pBTO-N2) 

are studied. The effect of EC poling on the composition and PEC performance of 

pBTO-O2, pBTO-air and pBTO-N2 is investigated, demonstrating that the high 

migration of oxygen vacancies in pBTO films can significantly affect the control of 

their PEC performance via ferroelectric polarisation. 

6. Chapter 6: This chapter outlines the development of Fe2O3/pBTO as a 

ferroelectric/photocatalyst composite system, investigating the enhancement of PEC 

response in the composite film via ferroelectric polarisation of BaTiO3. The 

successful preparation of Fe2O3/pBTO film is demonstrated. The advantage of 

combining ferroelectric pBTO with Fe2O3 as photocatalyst on the PEC performance 

is discussed. The possibility of controlling the PEC response in Fe2O3/pBTO via 

ferroelectric polarisation, without affecting the film composition, is demonstrated  

7. Chapter 7: This chapter offers a summary of conclusions and suggests future work 

to pursue to follow on from the current project. 
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2 LITERATURE REVIEW 

2.1 Semiconductor photocatalysis 

Since the pioneering work of Fujishima and Honda in 19721, photocatalytic technologies 

based on semiconductors, including photo-generation of electricity and 

photoelectrochemical production of renewable hydrogen from water2,3, have been largely 

explored, aiming to overcome the environmental issues correlated to the remediation of 

hazardous waste and the control of toxic air contaminants4. In this context, the role of 

photocatalysis is to initiate or accelerate specific redox reactions by means of 

semiconductor materials as catalysts. Various semiconducting oxide materials (TiO2, 

BiVO4, WO3 and Fe2O3) have been used for many photocatalytic applications5–7 but 

significant challenges still persist for realistic commercialisation. Extremely important is 

the improvement of degradation or energy conversion efficiency, which is significantly 

influenced for example by the energy band mismatch of the semiconductor materials and 

the effective charge separation and transfer. The latter lie at the core of the entire 

photocatalysis process8. The main applications of photocatalysis are photocatalytic 

degradation of organic pollutants and solar water splitting. In the following sections, the 
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basic mechanism of solar water splitting will be described in more detail, as it is the 

application chosen in this thesis. 

2.1.1 Electronic band structure of semiconductors 

In solid-state physics, the electrical conductivity is described in terms of energy band 

structures. Molecular orbitals occupied by electrons are condensed at given energy levels, 

rather than forming discrete energy states. These continuum energy levels create broad 

bands of allowed energy separated by gaps of forbidden energies, known as bandgaps 

(Eg)
9. The highest occupied energy band is defined as the valence band (VB) while the 

lowest unoccupied energy band is termed as conduction band (CB). Thus, the bandgap 

can be also defined as the energy difference between the CB and the VB10 and it regulates 

the electrical properties of the materials. To determine the conductivity of a solid, partial 

occupancy of the conduction band is required. This can be obtained by promoting an 

electron from the valence band to the conduction band, which consequently leaves a 

positively charged hole in the valence band11. When the bandgap is too large (Eg > 4 eV), 

the electrons cannot reach the CB, thus the material is defined as an insulator. If the 

bandgap is sufficiently small (Eg < 4 eV) to allow the excitation of an electron in the CB 

upon absorption of heat or photons, the material is known as a semiconductor12. In the 

case of conductive materials (metals), the conduction and valence bands are instead 

already overlapping or partially filled. The band structure of metals, semiconductors and 

insulators is illustrated in Figure 2.1. 
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Figure 2.1 Band configuration in metal, semiconductor and insulator: in metals, an 

occupied band overlaps with an unoccupied one. A material is defined as a 

semiconductor and an insulator, if the bandgap is less or more than 4 eV, 

respectively9. 

Related to the electronic properties of semiconductors is the definition of the Fermi Level 

(EF), which is based on the Fermi-Dirac distribution, describing the probability of 

occupying an electronic state. The Fermi Level is the energy level at which the probability 

of electron occupation is 50 %9. This energy also relates to the electrochemical potential 

(μ) of the semiconductor13. Generally, an intrinsic semiconductor has EF in the middle of 

the bandgap, where the density of electrons (ni) is equal to the density of holes (pi), which 

can be expressed by the following equations14: 

𝒏𝒊 = 𝑵𝒄 𝐞𝐱𝐩(−
𝑬𝒄 − 𝑬𝒇,𝒏

𝒌𝑻
) 

2.1 
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𝒑𝒊 = 𝑵𝑽 𝐞𝐱𝐩(−
𝑬𝑽 − 𝑬𝒇,𝒑

𝒌𝑻
) 

2.2 

where k is the Boltzmann constant, T is absolute temperature, Nc and Nv correspond to 

the density of energy states at conduction and valence band, Ec and Ev are the energy 

conduction and valence band, Ef,n and Ef,p are the Fermi levels of electrons and holes, 

respectively. 

Considering that ni = np in an intrinsic semiconductor, equations 2.1 and 2.2 can be 

rearranged as follow: 

𝒏𝒊𝒑𝒊 = 𝒏𝒊
𝟐 = 𝑵𝒄𝑵𝑽 𝐞𝐱𝐩(−

𝑬𝒄 − 𝑬𝑽
𝒌𝑻

) =  𝑵𝒄𝑵𝑽 𝐞𝐱𝐩(−
𝑬𝒈

𝒌𝑻
) 

2.3 

However, in the case of extrinsic semiconductors when impurities are present or 

introduced via doping, the Fermi level can be shifted by altering the density of electrons 

or holes. Thus, in an n-type material where electrons are the majority carriers, EF is 

located near the conduction band (CB) while EF lies just above the valence band (VB) in 

p-type materials where holes are the majority carriers15 (Figure 2.2). 
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Figure 2.2 Band configuration in n-type and p-type semiconductors, where the 

Fermi level EF is located close to the valence (p-type) and conduction (n-type) band9. 

2.1.2 Solar water splitting 

The process that involves semiconductor materials for solar water splitting is based on 

the absorption of light by a semiconductor photocatalyst, inducing the generation of an 

electron-hole pair, which can be transferred to the catalytically active sites at the 

semiconductor surface where chemical transformations are driven16 (Figure 2.3a). The 

main reactions that describe solar water splitting in basic conditions are summarized 

below17: 

𝑷𝒉𝒐𝒕𝒐𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕 
𝒉𝒗
→  𝒆𝒄𝒃

− + 𝒉𝒗𝒃
+   2.4 

 

𝟐𝑶𝑯− → 𝑯𝟐𝐎 + 
𝟏

𝟐
𝑶𝟐 + 𝟐𝒆

− (Anode) 2.5 
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𝟐𝑯𝟐𝑶 + 𝟐𝒆
− → 𝑯𝟐 + 𝟐𝐎𝑯

− (Cathode) 2.6 

 

𝑯𝟐𝑶 →  𝑯𝟐 + 
𝟏

𝟐
 𝑶𝟐 (Overall reaction) 2.7 

A fundamental requirement for e- - h+ pair formation and consequently to generate solar 

water splitting in a semiconductor is that the energy of the incident light must be equal to 

or larger than the bandgap (Eg) of the semiconductor18. The bandgap energies of typical 

semiconductors applied for photoelectrochemical H2O splitting are illustrated in Figure 

2.3b, where the wide and narrow bandgap materials can be used as top and bottom 

absorbers, respectively. This refers to a tandem PEC cell, where sunlight passes first 

through the wide bandgap ‘top’ photoelectrode, and then into the narrower bandgap 

‘bottom’ photoelectrode19. 
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Figure 2.3 (a) Schematic mechanism of the principle of photocatalytic water splitting 

in a semiconductor, referred to the normal hydrogen electrode (NHE): (1) photo-

generation of electron and hole pairs, under sunlight irradiation; (2) spatial 

separation of electron-hole pair and their distribution to the surface of 

semiconductor; (3) reactions of photo-reduction and photo-oxidation on the 

semiconductor’s surface active sites20; (b) Band edge positions and energy bandgap 

of semiconductors in the aqueous electrolyte at pH=0, referred to the reversible 

hydrogen electrode (RHE)17. 

2.1.2.1 Device designs for solar water splitting 

The relevant systems adopted for solar water splitting can be divided into three major 

categories: photocatalytic (PC) system, photoelectrochemical (PEC) cell, and 

photovoltaic-electrolysis (PV+E), as shown in Figure 2.4. 
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Figure 2.4 Schematic of the three types of solar water splitting system: PC system, 

PEC cell and PV+E approach21. 

PV+E is a straightforward strategy that involves two existing developed technologies: a 

photovoltaic (PV) cell and a water electrolyzer. Even if high solar-to-hydrogen (STH) 

conversion efficiencies over 10 %22-29 have been reported for PV+E, this route is still too 

expensive compared to the traditional methods that adopt fossil fuels28 and further 

enhancement in the efficiency is also more limited. Thus, alternative and low-cost routes 

for the generation of solar hydrogen must be considered. PC approach is a simple and 

low-cost process for potential solar hydrogen production. However, this route leads to an 

STH efficiency typically at least one order of magnitude lower (< 1 %), and can 

potentially generate an explosive mixture of H2 and O2, requiring an external high cost 

for the separation of the products to avoid back reactions30. Therefore, the PEC system, 

which lies intermediate between PV+E and PC, is a more valid alternative, offering a high 

STH efficiency at an affordable cost31-33. The PEC system includes the light absorption 

and electrochemical process of a PV+E system via a direct semiconductor/electrolyte 

interface to limit the cost, showing also a distinct advantage over PC system because the 

H2 and O2 evolution half-reactions occur on two different electrodes and are separated 

physically. Recently, it has been demonstrated that the PEC system possesses 
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substantially lower overall system cost with respect to the PV+E approach, and can 

become economically competitive with existing fossil-fuel derived hydrogen upon 

improvement in the efficiency and lifetime to > 10 % and > 5 years, respectively33-35. 

A simple PEC configuration for water splitting using a two-electrode system includes the 

following components: the photoelectrode based on a semiconductor photocatalyst, the 

counter electrode, which is generally Pt or graphite and the electrolyte, which lies in 

between the two electrodes to improve the electrical conductivity, keeping the required 

pH value, as shown in Figure 2.5. A typical PEC water splitting system based on n-type 

and p-type semiconductor photoelectrodes is shown in Figure 2.5. The fundamental 

process which occurs in those PEC water splitting systems can be described by two 

separate half-reactions: oxidation of water to O2 at the photoanode and the reduction of 

water to H2 at the photocathode.  

 

Figure 2.5 Schematic of PEC water splitting systems using n-type semiconductor 

photoanode (a) and p-type semiconductor photocathode (b)36. 
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In the n-type semiconductor photoanode under illumination, photo-excited electrons and 

holes are generated in the conduction band and valence band, respectively. By applying 

an anodic potential through an external circuit, these electrons are driven via the real 

Ohmic contact toward an electrical connection on the surface of the counter electrode to 

reduce water to H2. In the meantime, the holes are transferred to the semiconductor 

surface, promoting the oxidation of water to O2. On the other hand, in the case a of p-type 

semiconductor photocathode, the electrons move to the semiconductor surface, where 

they reduce water to H2 while the holes are transferred to the counter electrode via an 

external circuit to oxidize water to O2
36.  

Since overall water splitting consists of two half-reactions (oxidation and reduction 

reactions), it is necessary to use a dual-electrode system for this application. Tandem PEC 

water splitting system, consisting of the spatially separated p-type photocathode and n-

type photoanode, is commonly used to achieve unassisted overall water splitting. 

Moreover, considering that the oxidation and reduction reaction sites are spatially 

separated in a tandem system, O2 and H2 products can be easily collected21. 

2.1.3 Semiconductor/electrolyte interface 

The study of the semiconductor/liquid junction (SCLJ) is a unique feature of 

semiconductors which makes their photoelectrochemistry particularly interesting. Prior 

to contact with the electrolyte (i.e. before the equilibration process), the Fermi level of 

the semiconductor is not located at the same level as the electrochemical potential of the 

electrolyte37, as shown in Figure 2.6. 
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Figure 2.6 Schematic of band structure at semiconductor/liquid junction (SCLJ) of 

n-type semiconductors before equilibrium (adapted from37). The parameters 

included in the figure are specified as follows: Fermi level (EF), the bottom of the 

conduction band (ECB) and top of the valence band (EVB), redox potential of the 

electrolyte (E0
redox), local vacuum level (Evac), work function of the semiconductor 

(ΦSC) and the redox electrolyte (ΦE). 

When a semiconductor material comes in contact with an electrolyte in the dark, the 

formation of the junction requires that one or both energy levels should move in order to 

reach equilibrium (Figure 2.7). 
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Figure 2.7 Schematic of band structure at semiconductor/liquid junction (SCLJ) of 

n-type semiconductors after equilibrium (Adapted from37). The additional 

parameters included in the figure are defined as follows: barrier height (qΦe
B), 

depletion layer (WSC), Helmholtz layer (HL), the potential drop through the 

Helmholtz layer (VH). 

Considering that the charge density of the electrolyte is usually several orders of 

magnitude higher than that of the semiconductor, electrons will move in or out the 

semiconductor, aligning the chemical potential of the electrons with the electrochemical 

potential of the electrolyte, until an equilibrium is reached. For semiconductors, the 

chemical potential of electrons is determined at the Fermi level (EF), whereas for liquid 

electrolytes it is given by the redox couples present in the solution (E0
redox). In the case of 

an n-type semiconductor which has a Fermi level higher than the electrolyte redox 

potential, upon contact electron transfer from the semiconductor to the electrolyte occurs. 

The remaining positive ions in the n-type semiconductor induce the formation of a 

positive space charge region (SCR), which bends the conduction band (CB) and valence 
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band (VB) edges of the semiconductor upwards37. Conversely, in a p-type semiconductor 

where the Fermi level is lower than the redox potential of the electrolyte, the charge 

equilibration induces the generation of a negative SCR in the semiconductor that bends 

the bands downward. In this section, only the case of an n-type semiconductor will be 

shown as only photoanodes will be considered in the rest of this PhD thesis. The band 

bending at the semiconductor/electrolyte interface is described by qΦSC, resulting in a 

potential barrier against electron (n-type) or hole (p-type) flux into the electrolyte. The 

SCR, the width of which can be from a few tens of angstroms to several microns, is also 

known as the depletion layer (WSC) since it is depleted of the majority of carriers. As 

shown in Figure 2.6, this band bending can be controlled upon application of an electrical 

bias to the semiconductor, and thus a bias that flattens the band edges is applied. Because 

the band edges are flat after the application of this potential, it is defined as the flat band 

potential Efb. Efb indicates the actual position of the Fermi level of the semiconductor with 

respect to the reference electrode before equilibrium. Thus, Efb can be determined using 

Mott-Schottky analysis, giving a reliable estimation of the CB or VB edge positions and 

thus providing insight into the thermodynamic capability of the semiconductor to 

reduce/oxidize a given species upon illumination. In response to the charge transfer 

between semiconductor and electrolyte, a charge layer in the electrolyte adjacent to the 

semiconductor surface is formed, known as Helmoholtz layer (HL). This layer possesses 

opposite sign to the charge induced in the semiconductor, and it is made by ions from the 

electrolyte, adsorbed on the semiconductor surface with a width of few angstroms37.  

Under illumination, photons with energy greater than the semiconductor bandgap can be 

absorbed inducing the formation of electron–hole pairs, separated by the electric field in 
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the depletion layer, which can be selectively moved to the SCLJ or the Ohmic rear contact 

using the external circuit to the counter electrode (Figure 2.8). 

 

Figure 2.8 Schematic of band structure at semiconductor/liquid junction (SCLJ) of 

n-type semiconductors after illumination (Adapted from37). The additional 

parameters reported in the figure are defined as follows: the quasi-Fermi level for 

electrons (EF,n
*) and holes (EF,p

*), the photopotential (Eph), and the overpotentials 

for the reduction (ηe) and oxidation (ηp) reactions. 

The Fermi level rises under illumination with the photopotential Eph. Under illumination, 

the native Fermi level splits into two quasi-Fermi levels, of which one is associated with 

the concentration of electrons (EF,n
*) and the other to the holes (EF,p

*). If the free energy 

of the photogenerated carriers is appropriate, reduction (electrons) and oxidation (holes) 

of the redox species in solution will be moved at the different (opposite) 

electrode/electrolyte interfaces. As shown in Figure 2.8, these oxidation and reduction 

reactions commonly need overpotential (ηp,ηe) to effectively drive the processes, as 

despite being thermodynamically favoured, they are kinetically slow37. If only one redox 
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couple exists, the oxidation and reduction on the photoelectrodes can constantly 

regenerate the redox couple through the conversion of solar energy into electric power, 

considering the constant flow of carriers via the external circuit. On the other hand, when 

two redox couples are present, two different reactions can take place on the 

photoelectrodes, generating an evident change in the electrolyte composition. Thus, solar 

energy can be stored directly in the chemical bonds of the new compounds. This PEC cell 

is known as photosynthetic cell, which can be adopted for solar fuel production37. 

2.1.4 Definition of efficiencies in solar water splitting 

Generally, to investigate the PEC performance of a semiconductor photocatalyst, the 

onset potentials and the photocurrent densities at the redox potential of O2/H2O (1.23 vs 

RHE) for photoanodes and at the redox potential of H+/H2 (0 vs RHE) for photocathode 

are compared. However, considering that the product of solar water splitting is hydrogen, 

solar-to-hydrogen conversion efficiency (STH) is the most important parameter to 

consider for the calculation of the solar water splitting efficiency in devices. It can be 

expressed by the following equation: 

𝜼𝑺𝑻𝑯 = [
𝜱𝑯𝟐(𝒎𝒐𝒍 𝒔

−𝟏 𝒎−𝟐) 𝒙 𝑮𝒇,𝑯𝟐
𝟎 (𝒌𝑱 𝒎𝒐𝒍−𝟏)

𝑷𝒍𝒊𝒈𝒉𝒕(𝑾 𝒎−𝟐)
]
𝑨𝑴 𝟏.𝟓𝑮

 
2.8 

where ΦH2 is the hydrogen gas production rate, G0
f,H2 is the Gibbs free energy of hydrogen 

gas (237 kJ mol−1 at 25 °C) and Plight is the total solar irradiation input. The light source 

should match the solar spectrum of air mass 1.5 global (AM 1.5 G)38.  

Considering that 100% of the current may not contribute to the redox reaction, Faradaic 

efficiency must be included in the equation. Faradaic efficiency (ηF) is defined as the 
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efficiency of passing charges contributing to the desired electrochemical reaction, 

expressed as the ratio of the measured product quantity and the theoretical value derived 

by passing charges. Thus, STH can also be calculated by the following equation: 

𝜼𝑺𝑻𝑯 = [
𝒋𝑺𝑪(𝒎𝑨 𝒄𝒎

−𝟐 ) 𝒙 𝟏. 𝟐𝟑 𝑽 𝒙 𝜼𝑭
𝑷𝒍𝒊𝒈𝒉𝒕(𝒎𝑾 𝒎−𝟐)

]
𝑨𝑴 𝟏.𝟓𝑮

 
2.9 

where usually jSC can be substituted by the externally measured current density at zero 

applied potential under steady-state conditions, which is equivalent to short circuit 

conditions21. Comparing equation 2.8 and 2.9, it can be noted that equation 2.8 is based 

on the calculation of the power output (numerator) by the direct measurement of the true 

H2 production rate using an analytical method (e.g. gas chromatography or mass 

spectrometry) while equation 2.9 calculates that power as the product of voltage, current, 

and the Faradaic efficiency for hydrogen evolution.  

Besides STH efficiency, to calculate the performance of a single photoelectrode 

independently, where extra applied potential is often required from a second 

photoelectrode or external power supply, applied bias photon to current conversion 

efficiency (ABPE) can be used. Using certain jSC and ηF, ABPE can be expressed as 

follow: 

𝐀𝐁𝐏𝐄 = [
𝒋𝑺𝑪(𝒎𝑨 𝒄𝒎

−𝟐 ) 𝒙 (𝟏. 𝟐𝟑 𝑽 − 𝑽𝒂𝒑𝒑) 𝒙 𝜼𝑭

𝑷𝒍𝒊𝒈𝒉𝒕(𝒎𝑾 𝒎−𝟐)
]
𝑨𝑴 𝟏.𝟓𝑮

 
2.10 

where Vapp corresponds to the applied potential between the photoelectrode and counter 

electrode. Moreover, the efficiency calculation of electrons/holes converted from photons 

at individual wavelengths of light on a single photoelectrode needs to be considered. 
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Thus, incident photon-to-current efficiency (IPCE) or external quantum efficiency (EQE) 

can be introduced as follows: 

𝐈𝐏𝐂𝐄(𝛌) = 𝐄𝐐𝐄(𝛌) =
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏 𝒇𝒍𝒖𝒙 (𝒄𝒎−𝟐 𝒔−𝟏)

𝒑𝒉𝒐𝒕𝒐𝒏 𝒇𝒍𝒖𝒙 (𝒄𝒎−𝟐𝒔−𝟏)

=  
|𝒋𝒑𝒉(𝒎𝑨 𝒄𝒎

−𝟐|𝒙 𝒉𝒄(𝑽 𝒏𝒎)

𝑷𝝀(𝒎𝑾 𝒄𝒎−𝟐)𝒙 𝝀(𝒏𝒎)
 

2.11 

where λ is the single wavelength light source, Pλ is the power of irradiation, h is Plank’s 

constant, c is the speed of light, and jph is the photocurrent density. To obtain IPCE, a 

monochromator and a three-electrode configuration are essential, so jph at the identical 

applied potential with individual wavelengths of light can be calculated accurately. 

Integrating the IPCE values obtained with the standard AM 1.5 G solar spectrum, the total 

photocurrent density upon solar illumination can be extrapolated as follows: 

𝑱𝑨𝑴 𝟏.𝟓 = ∫(𝑰𝑷𝑪𝑬𝝀 𝒙 𝜱𝝀𝒙 𝒆)𝒅𝝀 
2.12 

where e is the elementary electronic charge (C) and Φλ is the photon flux of irradiation 

(m2 s)17. It can be noted that STH and IPCE are related: if no applied bias is used in the 

IPCE measurement, the integration of IPCE over the entire solar spectrum can provide an 

estimation of the maximum possible STH.  

2.1.5 Semiconductor photoanode requirements 

In order to maximize the PEC efficiency, photoanodes (n-type materials) for solar water 

splitting should meet the specific requirements, which will be described in the following 

sections.  
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2.1.5.1 Stability, low cost and abundance 

Firstly, the stability of a photoanode in aqueous environments under oxidation conditions 

is an essential parameter to control for photocatalytic applications. Indeed, the 

decomposition or the formation of an oxide layer on the surface of semiconductors can 

have a great impact on the charge transfer to the electrolyte39. Secondly, considering the 

current development of sustainable material and resource shortage, the materials used for 

solar water splitting must be low cost and abundant. Many metal oxides, including for 

example TiO2 and Fe2O3, meet these requirements along with a good stablity in aqueous 

solutions40. Thus, they are promising materials as photoanodes for solar water splitting. 

2.1.5.2 Band position 

An important feature of a photocatalyst for solar water splitting is that the energy bands 

of the semiconductor should straddle the redox potentials of water in order to obtain 

overall water splitting. In particular, the bottom level of the conduction band must be 

more negative than the redox potential of H+/H2 (0V versus normal hydrogen electrode 

(NHE)), while the top level of the valence band must be more positive than the redox 

potential of O2/H2O (1.23 V)41. A schematic example of a photocatalyst with a desirable 

bandgap structure for water splitting is illustrated in Figure 2.9. However, as explained in 

2.1.2.1, each photoelectrode (photoanode and photocathode) is responsible for the 

appropriate half-reaction of water splitting. Consequently, the photoanode needs to have 

the top level of the valence band more positive than the redox potential of O2/H2O while 

the photocathode should have the bottom of the conduction band above H+/H2 energy 

level. 
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Figure 2.9 Schematic of band structure for solar water splitting41. 

2.1.5.3 Light absorption 

To generate electron-hole pairs upon illumination, the semiconductor photocatalyst has 

to absorb photons in the solar spectrum, the energy of which has to be at least equal to 

the bandgap Eg. Considering water splitting kinetic overpotentials and thermodynamic 

losses, it has been found that the optimal bandgap should lie in the range 1.9-3.1 eV, with 

an optimal value about 2 eV39,42. A semiconductor which possesses such a bandgap would 

absorb photons with wavelengths below 620 nm and ideally would lead to solar-to-

hydrogen efficiency of 16.8 %39. Figure 2.10 shows the photocurrent density and solar-

to-hydrogen efficiency corresponding to some metal oxide used as photoanodes. It can be 

noted that hematite (α-Fe2O3), which usually has a bandgap of 2.15 eV, can reach a 

theoretical solar-to-hydrogen effiency of ca. 15 %, which makes it a promising candidate 

as n-type photoanode43. Besides a small bandgap, α-Fe2O3 possesses a suitable position 

of valance band (VB) and conduction band (CB), which is an important requirement for 

water oxidation.  
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Figure 2.10 Photocurrent density and solar to hydrogen efficiency, relative to some 

metal oxide materials used as photoanodes43. 

2.1.5.4 Electron-hole pair recombination 

If an electron (from an electron-hole pair) promoted in the conduction band returns to an 

energy state in the valence band, recombination of the electron-hole pair can occur, 

causing a net loss in charge carrier density and consequently a reduction in photocurrent 

and also the water splitting efficiency. When a photoanode is in contact with an 

electrolyte, electron-hole pair recombination can take place within the bulk of the 

semiconductor, within the space charge layer, or at its surface, as shown in Figure 2.11. 

Generally, recombination in the space charge layer can be neglected compared to bulk 

and surface recombination, considering that the electric field induced by the band bending 

leads to electron-hole pairs separation. Moreover, the presence of defects in the material 

(e.g. impurities, structural defects, grain boundaries) can create discrete energy levels 

within the bandgap, facilitating carrier recombination since the carrier lifetime is 
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inversely proportional to the defect density in the material44. These trapping levels 

generally lie near the middle of the bandgap. This is critical in polycrystalline oxides, 

which are prepared at low temperature and thus possessing more defects. Moreover, the 

crystallinity of semiconductor materials is related to charge recombination: the 

recombination probability is reduced when the crystallinity of a photocatalyst is 

increased, because the density of crystal defects is reduced with higher crystallinity45. 

Recombination also takes place at the surface of the semiconductor photoanode due to 

the presence of intra band gap electronic states located at the semiconductor/electrolyte 

interface, acting as preferred recombination centers46. For example, they can arise in 

response to ion adsorption or surface reconstruction. The presence of such states 

significantly affects the kinetics of the water oxidation reaction. 

 

Figure 2.11 Schematic of band structure of n-type semiconductor under illumination 

where the steps involved are indicated as follows: (1) electron-hole pair generation 

by light excitation, (2) extraction of electron through back contact, (3) hole transfer 

to semiconductor surface and then (4) to the electrolyte; (i) bulk recombination, (ii) 

surface recombination and (iii) electron trap by surface states can take place. 

Adapted from21. 
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2.1.6 Strategies to improve semiconductor photoanodes 

To improve PEC performance of photoanodes for solar water splitting, different strategies 

have been adopted which can be classified in three different approaches: (1) control bulk 

recombination, (2) heterostructuring and (3) improving surface kinetics. These 

approaches will be described in more detail in the following sections, focusing on the 

state-of-art examples from literature, which are more relevant to this PhD thesis. 

2.1.6.1 Control of bulk recombination 

As introduced in 2.1.5.2, the control of electron-hole pair recombination is particularly 

important as it leads to a net loss in the photocurrent and PEC water splitting performance. 

Among the various strategies used to limit bulk recombination, increasing the n-type 

doping of photoanodes is a very convenient way that has been explored. Indeed, the Fermi 

level position within the bandgap can be moved closer to the bottom of the conduction 

band (CB) through doping, compared to an undoped material. This will increase the flat 

band potential and consequently the band bending at photoanode/electrolyte interface, 

leading to an enhancement in the charge transfer. It has been reported that in hematite 

doped with transition metal (e.g. Ti, Sn, Al)47-49 the overall photocurrent significantly 

increases with respect to the undoped material. Doping of metal oxide photoanodes using 

oxygen vacancies, which are known as donor species50,51 is also quite common. The effect 

of oxygen vacancies on the PEC performance of BaTiO3 photoanodes, presented in this 

thesis, will be described in Chaper 4.  

Another strategy recently adopted is the internal electric field to reduce the charge carrier 

recombination rate. The use of ferroelectric materials has been proven an efficient 

solution to improve charge carrier separation, thanks to the spontaneous ferroelectric 
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polarisation, which induces band bending at the material’s surface, facilitating water 

oxidation and reduction reactions52. The role of ferroelectric material in photocatalysis, 

reporting relevant state-of-art example from literature, will be explored in 2.2.10 and in 

particular the influence of both ferroelectric BaTiO3 and ferroelectric/photocatalyst 

BaTiO3/α-Fe2O3 thin films on the their PEC performance will be described in detail in 

Chapters 4, 5 and 6.  

Moreover, nanostructuring is a widely used strategy to compensate the small carrier 

diffusion lengths53,54. Using this approach, the distance carriers must travel is reduced 

without significantly diminishing the total volume of the material, so the same quantity 

of light is absorbed. Thus, the recombination rate is reduced as holes reach the surface 

before recombining. Figure 2.12 shows a comparison between Fe2O3 thin films with 

planar and nanostructured configuration, highlighting how the charge recombination can 

be reduced in nanostructured Fe2O3 thin films. The control and investigation of 

nanostructured BaTiO3 thin films in relation to their photoelectrochemical properties will 

be explored in detail in Chapter 4. 

 

Figure 2.12 Comparison of planar Fe2O3 and nanostructure Fe2O3 in terms of 

charge carrier recombination55. 
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Also, the inclusion of interfacial layers between the substrate and the photoanode material 

have been reported as an additional method to limit the recombination rate since it acts as 

potential barrier to prevent back injection of the holes from the photoanode to the 

substrate56. In this PhD thesis, compact titanium dioxide (cTiO2) layer will be used as 

blocking layer at the interface of BaTiO3 film and FTO glass substrate. 

2.1.6.2 Heterostructuring 

The combination of a semiconductor material with a small bandgap with one possessing 

a wide bandgap, forming heterostructures has been reported as an effective method to 

enhance the absorption efficiency of the entire system for solar water splittiing57. The 

case of ferroelectric BaTiO3, which is the material with larger Eg (3.2 eV) combined with 

photocatalyst Fe2O3 as small Eg material (2.1 eV) will be considered in Chapter 6, 

discussing the advantages derived from this combined system. 

2.1.6.3 Improving surface kinetics 

It is known that the water oxidation reaction could be challenging because of the high 

kinetic overpotential required with respect to that for the water reduction reaction. In this 

context, cocatalysts materials have been adopted to reduce the overpotential necessary to 

oxidize water58, thus the water oxidation kinetics are improved. Different types of 

materials, including iridium oxide59, cobalt oxide60, mixed cobalt-nickel-iron oxides61, 

have been used as cocatalysts for photoanodes. Figure 2.13 shows the improvement in 

the photoelectrochemical performance of a photoanode, after addition of cocatalyst on 

the surface.  
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Figure 2.13 Schematic on the role of oxidation cocatalyst (OC) in PEC water 

splitting systems55. 

To overcome the high recombination rate of holes at the surface of some photoanodes 

(e.g. α-Fe2O3) caused by intra bandgap trapping states, the deposition of overlayers on 

the photoanode surface to passivate such trapping states has been used as alternative 

strategy to improve the surface kinetics. These layers are defined passivating overlayers, 

which differ from the cocatalysts as they do not have catalytic activity if used alone62. 

Several studies have been reported on the deposition of thin overlayers of Al2O3, In2O3 

and TiO2 on hematite, which successfully reduce the required applied bias potential63,64. 

The mechanism of a passivation layer in the improvement of water oxidation performance 

is illustrated in Figure 2.14. 
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Figure 2.14 Band structure of an n-type semiconductor photoanode in the presence 

and the absence of passivation layers in a PEC cell. (a) High charge recombination 

at surface defects and inefficient water oxidation by the photogenerated holes. (b) 

Use of an OER catalyst layer, facilitating hole transfer to the electrolyte to enhance 

water oxidation; (c) use of thin non-catalytic passivation layers which suppress 

surface recombination, improving water oxidation55. 

2.2 Ferroelectric materials as semiconductors 

2.2.1 Ferroelectricity: definition and origin 

Ferroelectricity refers to a polar crystal that exhibits a spontaneous electric polarization 

P, which can be switched by applying a suitable electric field E65. The origin of the name 

“ferroelectrics” derives from the analogy with ferromagnetics, where the magnetization 

M can be reversed by a magnetic field H. However, ferroelectrics are all solids and non-

metallic, so they are also known as Seignette-electrics, after the discovery of P. de la 

Seignette around 1655, who first prepared Rochelle salt as a laxative. Even if Seignette 

did not discover the ferroelectric phenomena, Rochelle salt is the first known ferroelectric 

crystal. Indeed, the discovery of ferroelectricity is commonly assigned to Valasek, who 
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recognized in 1920 that the polarization of Rochelle salt can be reversed by the 

application of an external electric field66.  

2.2.2 Crystal symmetry in ferroelectric materials 

The origin of ferroelectricity derives from crystal symmetry. Generally, crystals are 

classified into seven systems: triclinic (the least symmetrical), monoclinic, orthorhombic, 

tetragonal, trigonal, hexagonal, and cubic (the most symmetrical). Depending on their 

symmetry, these systems are subdivided in 32 crystal classes or point groups. Among 

them, 11 crystal classes possess a centre of symmetry65. For definition, a crystal is 

centrosymmetric if the movement of each point, indicated by coordinates x,y,z to a new 

point at -x,-y,-z does not determine a recognizable difference. Therefore, 

centrosymmetric crystals are nonpolar and consequently do not exhibit a finite 

polarization or dipole moment67. All the remaining 21 non-centrosymmetric crystal 

classes (except one) show polarization upon application of mechanical stress or exhibit 

strain by the application of an electric field. This effect is known as piezoelectric effect 

and thus, these crystal classes are defined as piezoelectrics. Among the 20 piezoelectric 

crystal classes, 10 possess a unique polar axis and show electric polarization in the 

absence of an electric field, known as spontaneous polarization. The latter changes with 

temperature and is associated to the thermal expansion of the crystal lattice. Materials that 

satisfy these conditions are defined as pyroelectrics68. The subgroup of the pyroelectric 

class, which includes only the crystals capable of reversing their spontaneous polarization 

by application of an electric field, is defined as the ferroelectric class65. The relationship 

between ferroelectrics, pyroelectrics and piezoelectrics, included in the non-

centrosymmetric point groups, is reported in Figure 2.15.  
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Figure 2.15 Subdivision of 32 crystal classes in 11 centrosymmetric and 21 non-

centrosymmetric groups, of which 20 classess exhibit piezoelectric effect and 10 

classess possess also pyroelectricity; only a subgroup of those 10 classes show 

ferroelectricity. 

2.2.3 Dipole moments, spontaneous polarization and Curie Temperature 

As in all ordinary dielectric materials, the electrical properties of ferroelectrics arise from 

the dipole moments, generated after application of an electric field E. Considering a 

dipole, which consists of a positive and negative charge, q, separated by a distance x, the 

electric dipole moment is defined as: 

𝒑 = 𝒒𝒙 2.13 

Therefore, the spontaneous polarization Ps corresponds to the density of electric 

moments, in analogy with the magnetization for magnetic materials: 

𝑷𝒔 =
∑ 𝒑𝒏𝒏

𝑽
 

2.14 

or the dipole moment per unit volume68, as reported in 2.14.  
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In a typical ferroelectric material, the spontaneous polarization Ps only exists over a 

limited range of temperatures. Increasing the temperature T, a point is reached where the 

transition from the polar, ferroelectric phase to a nonpolar, paraelectric phase occurs. The 

temperature at which the polar state disappears continuously or discontinuously is defined 

as the Curie Temperature (TC)65,69.  

In addition, the approach to TC is associated with an anomalously high dielectric constant 

or permittivity 𝜺. According to the Curie-Weiss law, the dependence of permittivity 𝜀 on 

temperature above TC can be described as:  

𝜺 =
𝑪

(𝑻 − 𝑻𝟎)
 

2.15 

 where C is called the Curie Weiss constant and T0 is termed the Curie Weiss temperature, 

which is equal to TC only for the case of a continuous phase transition67. The typical plots 

of Ps and 𝜺 as function of temperature for ferroelectric materials around TC are reported 

in Figure 2.16. As shown in Figure 2.16, Ps drops (discontinuously or continuously) to 

zero at TC while 𝜺 increases to a sharp peak (with a discontinuous or continuous step) as 

the temperature decreases69.  
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Figure 2.16 Temperature-dependent spontaneous polarization and permittivity for 

a discontinuous (a, b) and a continuous (c, d) phase transition (adapted from69). 

2.2.4 Polarization reversal 

As defined in 2.2.1, the primary feature of ferroelectrics is that the spontaneous 

polarization can be reversed, at least partially, when an electric field E is applied. The 

first demonstration of polarization reversal was obtained by the observation of dielectric 

hysteresis70. Indeed, the hysteresis loop is currently used to identify ferroelectric 

materials. 

Figure 2.17 shows the relationship between polarization P and applied electric field E 

observed in ferroelectrics and described by a hysteresis loop. At low E fields, the 

polarization P increases linearly with the field considering that E is not large enough to 

induce the orientation of the domains (portion 1-2). When the field E raises more than the 

low-field range, the polarization P increases nonlinearly, because the electric dipoles start 

to orient toward the direction of the field (portion 2-3). At very high fields, polarization 
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will approach a state of saturation which corresponds to the portion 3-4, where most 

electric dipoles are aligned toward the direction of the applied field E. Extrapolating the 

linear portion 3-4 back to the abscissa, the saturation value of the spontaneous 

polarization Ps is obtained. When the E field is decreased to zero, the polarization will 

drop down (portion 4-5) but does not become 0, leaving a remanent polarization Pr. The 

electric field E, required to reduce the polarization to zero (portion 5-6) is called the 

coercive field Ec. The area within the loop is a measure of the energy necessary to twice 

reverse the polarization. When the applied electric field E is increased above Ec, a reverse 

saturation polarization -Ps is eventually developed (portion 6-7). When the field E return 

to zero, a negative remanent polarization -Pr is obtained (portion 7-8). A further raising 

in the E field, increases the polarization first from -Pr to zero at Ec and then to +Ps, 

completing the ferroelectric hysteresis loop67,69,65. 

 

Figure 2.17 Typical hysteresis loop of ferroelectric material71. 
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2.2.5 Depolarization field, domain structure and poling  

The arising of spontaneous polarization Ps will induce bound charges on the surface of 

ferroelectric materials72. Generally, if those charges are left uncompensated within 

ferroelectrics, an electric field that opposes the spontaneous polarization Ps, named as the 

depolarization field Edep, is generated73. The magnitude of Edep is given by: 

𝑬𝒅𝒆𝒑 = −
𝑷

𝜺𝟎𝜺𝒇𝒆𝒓𝒓𝒐
 

2.16 

where P is the ferroelectric polarization, 𝜺0 and 𝜺𝑓𝑒𝑟𝑟𝑜  correspond to the vacuum 

permittivity and static dielectric constant of the material, respectively73. It is extremely 

rare to identify a ferroelectric material where the polarisation is uniformly oriented across 

the whole single crystal, considering that this would lead to a very large Edep
75. On the 

contrary, a more typical ferroelectric material will develop multiple oppositely oriented 

regions, known as domains, separated by boundaries defined as domains walls to 

minimize the total electrostatic energy of the system, which can be defined as: 

𝑾𝒕𝒐𝒕 = 𝑾𝑴 +𝑾𝑬 +𝑾𝑫𝑾 +𝑾𝑺 = 𝒎𝒊𝒏 2.17 

where WM is the strain related elastic energy, generated from the crystalline anisotropy 

and spontaneous polarization, WE correspond to the elastic energy derived from Edep, 

WDW is associated to the domain wall energy and WS is the surface energy73. 

The domain walls are named after the angle between the adjacent polarization vectors. 

Generally, two kinds of domain walls can be generated in tetragonal structured 

ferroelectrics: 180° domain walls and non-180° domain walls (also defined the 90° 

domain walls). 180° domains walls can induce the reduction of the electric energy WE 
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while non-180° domain walls can allow the release of elastic energy WM. The final 

domain configuration is determined by minimizing the total energy, which lead to a more 

stable crystal. 

Considering a multi-domain structured ferroelectric material, the randomly oriented 

electric dipoles will cancel each other, giving a zero net polarization (Figure 2.18 a). 

When an external electric field greater than or equal to Ec is applied, the domain walls 

will move and the randomly oriented polarisation vectors will be oriented along a uniform 

direction of the electric field (Figure 2.18 b). This process is known as poling, which 

induces domain switching in the ferroelectric material. Consequently, the net polarisation 

of the materials will be parallel to the direction of the applied electric field. When the 

electric field is removed, the presence of some domains that conserve the orientation will 

still be observed, leading to the remnant polarisation (Figure 2.18 c). 

By definition, the C+ domains show Ps that points toward the surface (upward 

polarization or Pup) while C- domains show Ps that points toward the bulk (downward 

polarization or Pdown)
73.  
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Figure 2.18 Mechanism of poling process: (a) before poling, the domains are 

randomely oriented, giving a zero net polarisation; (b) during poling, the domains 

align with the electric field direction and, (c) after poling, a remnant polarisation 

can still be observed. Figure adapted from ref76. 

2.2.6 Screening mechanisms  

The Edep, generated in response to Ps, will induce the movement of mobile charge carriers 

and defects in the ferroelectric material to neutralise the surface bound charges. This 

process is known as internal screening. In addition, if ionic species or polar molecules are 

absorbed onto the ferroelectric material surface, external screening can occur77. The 

presence of internal or external screening is related to the material. Indeed, in a 

ferroelectric material that contains a large number of defects internal screening is 

predominant due to the availability of mobile electrons and holes. On the contrary, in a 

ferroelectric material with a low number of defects and consequently lack of mobile free 

carriers, external screening is favoured77. Figure 2.19 shows the polarization bound 

charge and the relative screening mechanism in ferroelectrics. 
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Figure 2.19 Schematic of polarisation directions and carrier movement in a 

ferroelectric material. To obtain charge compensation induced by the spontaneous 

polarisation Ps, any free carriers or defects in the ferroelectric material will screen 

the surface charge (internal screening); any polar molecules or ions will generate 

charge compensation if adsorbed on the surface. 

2.2.7 Band bending in ferroelectrics 

Although the carrier concentration and consequently the conductivity may be low, 

ferroelectric materials can be considered as wide bandgap semiconductors and thus their 

photo-physical and chemical properties are often comparable to their conventional 

semiconductor counterparts. However, the internal and external screening, which arises 

in response to the ferroelectric polarisation, induces some important differences, in 



LITERATURE REVIEW 

 

47 

 

particular related to the band bending at the interface between the electrolyte and the 

ferroelectric material, illustrated schematically in Figure 2.20. Specifically, at C+ faces, 

the positive polarisation induces the accumulation of electrons for screening and this leads 

to downward band bending. On the other hand, at C- faces, the negative polarisation 

favour hole accumulation, which generates upward band bending (Figure 2.20)78.  

 

Figure 2.20 Schematic mechanism of band bending at ferroelectric/electrolyte 

interface, induced by the movement of internal free charges and defects. A driving 

force for the separation of photogenerated electrons and holes at the surface of the 

ferroelectric is produced as a result of the band bending.  

As a consequence, the near-surface areas at the ferroelectric surfaces are equivalent to the 

space-charge region (SCR) present in conventional semiconductors, previously detailed 

2.1.3. However, compared to typical semiconductors, the band bending in ferroelectrics 

occurs also under inert atmospheres and it is due to the movement of free carriers and 

defects to the material surface for screening of the spontaneous polarisation, as shown in 
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Figure 2.20. It has been observed that this kind of band bending in ferroelectric materials 

prevails even when they are immersed in an electrolyte and it can assume values of several 

hundred meV or greater, which is in the same magnitude order of the bend bending at 

most p/n junctions and semiconductor/electrolyte interfaces79,80. As a consequence, the 

band bending in ferroelectrics can favor the drastic reduction in the recombination of 

photogenerated electrons-holes near the surface, proving a driving force for their effective 

separation. 

2.2.8 Size effect on ferroelectric behaviour 

It is well known that ferroelectric materials possess a correlation between their size and 

the relative ferroelectric properties. In particular, when the dimensions of ferroelectrics 

are reduced to the nanometer scale, the dielectric properties will significantly differ from 

the bulk and thus size effects will arise in response to the size-driven instability in the 

polar phase, which can lead to the suppression of ferroelectric behaviour below a critical 

size81. It has been reported that the values of the ‘critical size’ change among different 

ferroelectrics as well as the same ferroelectric materials, possessing different forms (bulk 

ceramics, particles or thin films). For example, research works have found that BaTiO3 

ceramic present a critical size of around 400 nm82 while for BaTiO3 thin films it a much 

smaller critical size of ~ 5 nm has been recently reported83.  

The origin of size effects can be related to intrinsic and extrinsic factors. The intrinsic 

factors include the depolarization field effects due to the formation of a single domain84 

and the absence of long-range cooperative interaction82. Indeed, the density of domain 

walls and the energy associated with the domain wall formation is strongly influenced by 

the size of ferroelectrics. When the volume of a ferroelectric sample decreases, the energy 
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associated with domain wall formation increases and thus the stabilization of the 

ferroelectric material is affected. As a consequence of this reduction in size, ferroelectrics 

change their configuration from polydomain to single domain below a critical size. For 

example, this effect is observed in barium titanate particles that possess a size below 

around 100 nm. As a consequence, the depolarisation field associated with the 

ferroelectric sample increases in response to the generation of single domains and thus, if 

it is left uncompensated (no internal/external screening occurs), the ferroelectricity of the 

sample will be destroyed. 

The other intrinsic factor that influences the ferroelectric properties is related to the dipole 

interactions over a long-range. Indeed, long-range interactions between the polar units 

are needed to generate a homogeneous spontaneous polarization and consequently to 

support ferroelectric phase formation. However, the interactions are limited by some 

correlation lengths. Ginzburg-Landau theory demonstrates that there exist size constraints 

below which the ferroelectric domain structure collapses. To demonstrate this in detail, 

the free energy of an inhomogeneous ferroelectric particle has been analysed over a range 

of sizes, using the polarization as a key parameter in the modelling. The polarisation can 

be related to the correlation length, defined as the average coordination distance for 

polarisation fluctuations in the material. In the case of large correlation length, the dipoles 

present in the crystal will interact over long distances within the lattice. Extrapolating the 

length values, the differences in the coupling strength present at the bulk and surface of 

the material can be obtained. If the coupling strength at the surface is lower than the one 

present in the body of the sample, the surface will be disordered with respect to the bulk. 

Thus, a reduction in size of the ferroelectric material implies that the disorder in the 

system significantly changes the ferroelectric phase stability. 
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Besides the intrinsic factors, extrinsic factors due to the effects of material processing 

(e.g. modification of the microstructures or defects) may significantly contribute to the 

size effect in ferroelectrics82. For example, the presence of hydroxyl ions, which 

commonly exist as defects in the lattice of BaTiO3 may affect the long-range polar 

ordering which controls the ferroelectric phase transition85. Therefore, the size effect need 

to be carefully considered during the design and development of ferroelectric materials. 

2.2.9 Photochemistry of ferroelectrics 

The surface photochemistry of ferroelectrics had remained mostly unexplored until 

around 2000 when Giocondi and Rohrer published a series of research works on the 

variations of photochemical properties of BaTiO3
79,86,87, showing clearly the role of 

internal polarisation of BaTiO3 on the behaviour of photogenerated charge carriers. They 

observed that upon UV light illumination, in a BaTiO3 single crystal when submerged in 

AgNO3 and Pb(C2H3O2) solutions, solid deposits of Ag and PbO2 accumulated on the 

surface of domains with opposite polarisation (C+, C-), where oxidation and reduction 

reactions are separated. This was related to the ferroelectric polarisation which induces 

band bending at ferroelectric surface, described in 2.2.7: in particular, at C- domain where 

hole accumulation promotes upward band bending the oxidation of Pb2+ to Pb4+ was 

favorited while electron accumulation induces downward band bending at C+ domains, 

where consequently the reduction reaction of Ag+ to Ag was facilitated. Figure 2.21 

summarizes this process, showing indeed that the silver is reduced on positive C+ domains 

while lead is oxidized on negative C- domains. Thus, this suggests that the ferroelectric 

polarisation induces the separation of redox reactions at different locations. The oxidation 

and reduction reactions that occurs at different domains can be expressed as: 
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𝑨𝒈+ + 𝒆− = 𝑨𝒈 2.18 

 

𝑷𝒃𝟐+ + 𝟐𝑯𝟐𝑶 + 𝟐𝒉
+ = 𝑷𝒃𝑶𝟐 + 𝟒𝑯

+ 2.19 

The same phenomenon has been also demonstrated for BaTiO3 microcrystals or 

ceramics87,88.  

 

Figure 2.21 (a)Topography of {001} BaTiO3 single crystal surface, obtained by 

atomic force microscopy (AFM): (i) clean surfaces before the redox reactions, (ii) 

the same surface area after illumination in an AgNO3 aqueous solution and (iii) after 

illumination in a lead acetate aqueous solution; SEM image of BaTiO3 crystal after 
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the reaction with (b) AgNO3 and (c) Pb(C2H3O2), where the presence of Ag and Pb 

reduction and oxidation products are observed. Adapted from89. 

Rohrer and coworkers also investigated the photochemical reduction of Ag using Ba1-

xSrxTiO3 solid solution, varying x=0-1.090. They found that even if the reduction of Ag 

on BaTiO3 was spatially selective and correlated with the orientations of the underlying 

ferroelectric domains, increasing the amount of strontium, the reduced silver become 

more spatially homogeneous because of the non-ferroelectric properties of SrTiO3. This 

provides significant evidence that the spatial selectivity of redox reactions is strongly 

connected to the ferroelectric behaviour. The formation of these selective patterns 

associated with the redox products was also demonstrated in different ferroelectric 

materials, including Pb(Zr,Ti)O3
91, LiNbO3

92 and BiFeO3
93. The latter possesses a narrow 

band gap (from 2 to 3 eV), which allows visible light absorption. Indeed, Schultz et al. 

have reported the spatially selective reduction of silver from an aqueous solution on the 

surface of BiFeO3 ceramic, under visible light illumination94.  

2.2.10 Role of ferroelectric materials in photocatalysis 

The peculiar properties of ferroelectric materials related to their ferroelectric polarisation 

which influence the spatial separation of oxidation and reduction sites makes them 

particularly attractive for photocatalytic applications. Indeed, the presence of ferroelectric 

field increases charge carrier lifetime by limiting their recombination95,96. 

Despite the interesting early fundamental research works demonstrating the spatial 

separation of redox products on ferroelectric surfaces, there have only been a limited 
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number of studies on utilising ferroelectrics as photocatalysts for practical applications, 

such as for photocatalytic dye degradation and for photocatalytic water splitting. 

2.2.10.1 Photocatalytic dye degradation 

Among the few studies showing the use of ferroelectric materials for photocatalytic dye 

degradation, Cui et al. reported the photocatalytic degradation of BaTiO3 by Rhodamine 

B (RhB), used as degradation target upon UV-visible light illumination88. The authors 

produced BaTiO3 powder with higher tetragonal content and, therefore, enhanced 

ferroelectricity by thermal treatment of the as-received BaTiO3, which was predominantly 

cubic and consequently non-ferroelectric. The smaller particle size of the as-received 

BaTiO3 sample compared to the annealed one induced the suppression of ferroelectricity 

and stabilization of the cubic phase at room temperature. This effect was explained in 

more detail in 2.2.8. The results obtained showed a three times improvement of the 

decolorization rate in the ferroelectric BaTiO3 compared to the non-ferroelectric one 

(Figure 2.22 a,b). It was related to the ferroelectric behaviour of the sample which creates 

a tightly bound layer of dye molecules as well as induces the separation of the 

photogenerated charge carriers via the internal screening. Moreover, after photochemical 

deposition of nanostructured Ag on ferroelectric BaTiO3 surface, an additional 

enhancement in the photocatalytic activity was observed, which was attributed to both 

improved charge separation due to the ferroelectricity of BaTiO3 and enhanced visible 

light absorption through surface plasmon resonance (SPR). Successively, Yang and 

coworkers investigated the effect of ferroelectric polarisation on the photodecolourisation 

rates of RhB on BaTiO3 nanoparticles of different sizes (down to 7.5 nm) at 30 and 80 °C 

(Figure 2.22 c,d). Using 7.5 nm BaTiO3 nanoparticles as photocatalyst, a reduction in the 

decolorization rate of RhB under UV light illumination by ∼12 % was observed, when 
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the temperature was increased from 30 to 80 °C. This was correlated to a Ps close to zero 

due to a reduced TC in very small nanoparticles. On the contrary, no such reduction in 

rate was observed at different temperatures when large BaTiO3 nanoparticles (500 nm) 

were used as photocatalysts, because only a small reduction in Ps would be experienced 

until the TC of 120 °C is reached. Considering the strong temperature dependence of the 

polarisation in 7.5 nm BaTiO3 nanoparticles, their ferroelectric polarisation promotes the 

photogenerated charge carriers’ separation, improving the overall efficiency of their 

photocatalytic properties96. Besides BaTiO3, the enhanced photocatalytic activity for dye 

degradation has also been observed using other ferroelectric materials, such as LiNbO3 

nanopowder91and BiFeO3 nanoparticles97. 

 

Figure 2.22 (a) Schematic on band bending in ferroelectric BaTiO3 in response to 

the movement of free carriers; (b) Photodecolorization curves of RhB using different 

catalysts under solar simulator, where ferroelectric BTO (after annealing) shows 

higher activity, when combined with Ag nanoparticles88; (c) Photocatalytic 
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performance of BaTiO3 nanoparticles at 30 and 80°C and relationship with the 

spontaneous polarisation, affecting the photocatalytic activity; (d) RhB 

photodegradation induced by BaTiO3 and Ag-BaTiO3 under UV illumination96.  

2.2.10.2 Photocatalytic water splitting  

Among various ferroelectric materials, BaTiO3 is a promising candidate for 

photocatalytic water splitting, considering that it has conduction and valence bands at 

very similar energy to those in TiO2 (-0.5 and 2.7 V vs NHE, respectively), which is 

thermodynamically suited for water oxidation and proton reduction98. In 1976, Nasby and 

Quinn first studied photoelectrochemical water splitting on BaTiO3 single crystals99. 

They reported that under UV light illumination, BaTiO3 electrode generates 

photocurrents of around 101 µA (illuminated area of 0.18 cm2), remaining stable under 

applied potential. Even if the influence of ferroelectric polarisation on the PEC 

performance (e.g. via poling) was not directly investigated in this early research work, 

they demonstrate that BaTiO3 photoanodes can generate very small photocurrents even 

without an applied voltage, contrary to TiO2 single crystal photoanodes99. After this 

pioneering work by Nasby and Quinn, few studies were reported in the following years 

on single ferroelectric materials for water splitting100. More recently, the use of epitaxial 

BiFeO3 thin films for water splitting upon simulated solar light was explored101. Ji et al. 

have reported a slight shift of the onset potential (by 0.016 V) after poling of the film and 

also they showed that the oxidation and reduction reactions could be promoted according 

with the polarisation direction101. Despite the limited values of photocurrents (about 10 

μA/cm2) obtained in this work, it demonstrates that upon careful design, a single 

ferroelectric material could be used to obtain water splitting, where the products of redox 

reactions are spatially separated on the ferroelectric material surface. Cao et al. showed a 
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significant photocurrent enhancement from 0 to 10 mA/cm2 at 0 V vs Ag/AgCl in BiFeO3 

polycrystalline films upon variation of the poling bias from -8 V to +8 V. The authors 

correlated this enhancement with the upward band bending at semiconductor/electrolyte 

interface, arising from the ferroelectric polarization102.  

Rioult et al. investigated the influence of internal electric polarisation on the 

photoelectrochemical response of epitaxial ferroelectric BaTiO3 thin films. The authors 

showed that the measured photocurrent of the ferroelectric layer is more than doubled 

after +8 V electrochemical poling, compared to the unpoled state, observing also a 

reduction of the onset potential by ~ 0.2 V for the poled sample103. The manipulation of 

photoelectrochemical performance by ferroelectric polarisation was also demonstrated in 

vertically aligned epitaxial ferroelectric KNbO3 nanowires. Li et al. showed that when 

the KNbO3 film is downward polarised, the photocurrent density enhances to 11.5 

μAcm−2 at 0 V vs. Ag/AgCl under illumination, which is 10-fold larger than that of the 

same sample upward polarised104. More recently, Singh and co-authors showed the tuning 

of PEC response in Ag/Nb-doped SrTiO3 nanoporous films by poling treatment. The 

ferroelectricity was achieved in SrTiO3 nanoporous films due to strain induced by the 

nanocomposite approach. As reported in Figure 2.23 b, an enhancement in the 

photocurrent density (130 μAcm−2 at 1 V vs Ag/AgCl) and the reduction of onset potential 

by 20 mV were observed in the positively poled sample, compared to the unpoled 

counterpart, showing a photocurrent of 93 μAcm−2 at 1 V vs Ag/AgCl and an onset 

potential at -0.74 V vs Ag/AgCl (Figure 2.23a). On the contrary, the negatively poled 

sample shows a reduction of photocurrent to 40 μAcm−2 at 1 V vs Ag/AgCl with a 20 mV 

increase in the onset potential (Figure 2.23 c). This demonstrates that the 

photoelectrochemical performance of Ag/Nb-doped SrTiO3 nanoporous films can be 
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effectively controlled by ferroelectric polarisation. The corresponding band diagram of 

SrTiO3 films before and after poling is reported in Figure 2.23 d. The authors attributed 

the improvement in the photoelectrochemical performance of the SrTiO3 nanoporous 

films after positive poling to the enlarged width of the space charge region (Wsc), which 

drives more holes toward the semiconductor interface, facilitating the interfacial charge 

transfer105. 

 

Figure 2.23 J-V curves of Ag/Nb-doped SrTiO3 nanoporous films unpoled (a), 

positively poled (b), and negatively poled (c); corresponding schematic of band 

diagram before and after poling (d). 

2.2.10.2.1 Ferroelectric/non-ferroelectric heterostructures 

Considering the beneficial properties of ferroelectric materials in photocatalysis, recent 

research works have been focusing on the combination of ferroelectrics with other more 

efficient traditional photocatalysts (e.g. Fe2O3, BiVO4 and WO3). Indeed, it is known that 

very few ferroelectric materials are visible light absorbers, thus such a ferroelectric/non-
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ferroelectric heterostructure is a promising solution to exploit the attractive properties of 

both the ferroelectric material (improved charge carrier separation) alongside a suitable 

non-ferroelectric semiconductor (visible light absorption, good charge mobility, 

photoconductivity etc.). 

Early studies have reported that TiO2 coated on BTO substrate induces the silver 

photoelectrochemical reduction in preferred sites of the thin film, indicating that the 

ferroelectric field influence the charge separation on TiO2 surface up to 100 nm thick94,106. 

However, by increasing the thickness of the thin film, the photocatalyst effectively 

screens the ferroelectric polarization, which affects the charge dynamics and 

photocatalytic activity107. Enhancement in the PEC performance have been also found 

using different ferroelectrics as substrates (e.g. LiNbO3
108, PbTiO3

109).  

Successively, various research works have focused on BaTiO3/TiO2 heterostructures, 

considering the favorable band energy alignment which does not inhibit the charge 

transfer. For example, Li and coworkers investigated the influence of ferroelectric 

polarization on photocatalytic water splitting activity using BaTiO3/TiO2 core-shell 

photocatalysts, showing photocatalytic hydrogen production rates much greater than 

those obtained using bare TiO2 or BaTiO3
110. The authors suggested that the ferroelectric 

core could improve the charge separation thanks to the spontaneous polarisation and the 

movement of free carriers in the ferroelectric material is related to the band bending at 

the BaTiO3/TiO2 interface. Moreover, photoelectrochemical water splitting on 

TiO2/BaTiO3 core/shell nanowire photoelectrodes has recently shown to lead a 67 % 

photocurrent density enhancement than the bare TiO2 nanowires111 (Figure 2.24 a,b).  
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Even if BaTiO3/TiO2 heterostructures offer an excellent proof of principle, these materials 

possess a wide bandgap which limits the light absorption to the UV region, which limit 

their capabilities in photocatalysis. Thus, other heterostructures have been recently 

investigated, such as BaTiO3/α-Fe2O3 core/shell structures, which showed an enhanced 

decolourisation of RhB compared to the bare BaTiO3 and significantly faster than the 

bare α-Fe2O3 (Figure 2.24 c,d). This improvement in the photocatalytic activity of 

BaTiO3/α-Fe2O3 heterostructure was related to heterojunction band alignment and 

ferroelectric internal field, which allow efficient carriers separation at the ferroelectric-

semiconductor interface112. 

 

Figure 2.24 Photocurrent density-potential (J-V) curves of TiO2 NWs and 150-210 

°C TiO2/BTO NWs (a) and corresponding schematic of TiO2/BTO-electrolyte 
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interface (b)111; Photodecolorization profiles of RhB using different photocatalysts 

under simulated sunlight (c) and the calculated reaction rates of different 

photocatalysts (d). 

Moreover, heterostructures based on BiFeO3 have attracted great interest, considering the 

beneficial PEC properties of this ferroelectric material, due to its narrow bandgap113. The 

spatial selective deposition of Ag was again observed on the surfaces of TiO2 thin films 

on BiFeO3 as substrate114. The authors showed maximum heights of deposited silver in 

the range of 60 to 100 nm for TiO2 films with thickness of 10 and 20 nm. However, when 

the TiO2 film is 80 nm thick, the heights of deposited silver do not exceed 20 nm. This 

demonstrates a direct correlation between amount of silver reduced and thickness of TiO2 

film: increasing the TiO2 film thickness, the amount of silver reduced is decreased. Figure 

2.25 a,b,c shows the silver reduction heights in TiO2/BiFeO3 with TiO2 thickness of 10 

nm. Owing to the ferroelectric polarization, BiFeO3/TiO2 core/shell nanopowders 

generated a fast dye photodegradation compared to both bare TiO2 and BiFeO3 samples, 

degrading almost 70 % of the initial dye in the same conditions115. 
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Figure 2.25 AFM topographic images of TiO2/BiFeO3 with TiO2 thickness of 20 nm 

before (a) and after (b) reaction; comparison of silver reduction heights at the same 

locations (c).  

However, even if a clear improvement in the PEC performance is observed in all these 

heterostructures, only few research works on ferroelectric-photocatalyst hybrid systems 

demonstrated how ferroelectric polarisation influence photocatalytic activity, 

investigating the effect of poling pre-treatment on ferroelectric-photocatalyst system. 

Without this evidence, it is very difficult to prove that the ferroelectric polarisation is the 

cause of the enhancement in the photoelectrochemical performance rather than just the 

effect arising from heterojunction formation. 
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Among the few examples that evaluated the effect of poling in ferroelectric-photocatalyst 

system, the research work from Yang and co-authors, which was introduced previously 

in this section, shows that the ferroelectric polarisation in TiO2/BaTiO3 core/shell 

nanowire photoelectrode can be switched using external electric field poling, inducing an 

improvement or decrease of PEC performance according to the polarisation direction111, 

as shown in Figure 2.26 a,b. More recently, He et al. investigated the role of ferroelectric 

polarisation in the enhancement of PEC performance of the Fe2O3/PZT system116. The 

obtained Fe2O3/PZT films presented a remarkable improvement in the 

photoelectrochemical performance, reaching a photocurrent density of 1 mA/cm2 at 1.23 

V vs RHE, which is 10 times that of the bare Fe2O3 photoanode. To demonstrate the direct 

influence of ferroelectric polarisation in this PEC improvement, the authors reported that 

the Fe2O3/PZT films obviously enhance their PEC response after positive poling 

compared to the unpoled state, with also a negative shifting of their onset potential. On 

the contrary, the photocurrent density of Fe2O3/PZT films was decreased and the onset 

potential had a positive shift after negative poling (Figure 2.26 c). This demonstrates that 

the PEC response of Fe2O3/PZT can be regulated by tuning the ferroelectric polarisation 

orientation. The mechanism proposed by the authors, involved in the improvement of 

PEC performance after positive poling, is shown in Figure 2.26 d116. 

Despite these studies clearly demonstrating the possibility to tune the PEC performance 

by poling, they do not investigate the effect of poling on the chemical composition of the 

ferroelectric-photocatalyst film. In case of sample alteration due to poling treatment, 

variations in the PEC performance may arise, which give consequently unreliable results.  
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Figure 2.26 Current density-voltage curves of the unpoled, positively poled and 

negatively poled 150 °C TiO2/BaTiO3 nanowires (a), Potential distribution of 150 °C 

TiO2/5 nm BTO/NaOH heterojunction, showing that the spontaneous polarization 

in BaTiO3 shell lead to an upward band bending of TiO2 core, facilitating thecharge 

separation in TiO2 (b)111; LSV curves of Fe2O3/PZT under illumination, measured 

before and after poling (c) schematic mechanism of adjusting the PEC response by 

tuning polarization direction during positive poling (d)116. 
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2.3 Semiconductor materials used in this project 

2.3.1 Barium Titanate (BaTiO3) 

Barium titanate (BTO) is the first ferroelectric material with a perovskite structure to be 

reported117. BTO has the general formula of ABX3, where the Ba2+ cations are positioned 

on the A-sites and Ti4+ on the B-sites while the X-sites are filled by O-. Figure 2.27 a 

shows the relative position of each ion within a single unit cell in BTO. In particular, eight 

Ba2+ are located on the corners at (0 0 0), (0 0 1), (0 1 0), (1 0 0), (1 0 1), (1 1 0), (0 1 1) 

(1 1 1). When BTO has cubic symmetry, the Ti4+ cations are in the center at (1/2, 1/2, 

1/2) while six O2- anions are positioned at the center of the four faces at (0, 1/2, 1/2); (1/2, 

0, 1/2); (1/2, 1/2, 0). Ionic bonds are generated between Ba2+ and TiO3 group, while Ti 

and O atoms are covalently bonded. BTO has a stable tetragonal symmetry (P4mm) at 

room temperature and consequently non-centrosymmetric, where the displacement of the 

titanium ions from the center of the unit cell along the elongated axis (c-axis), generates 

a net dipole moment P (Figure 2.27 a), which is responsible of the ferroelectric properties 

in BTO. The other two axes a and b have the same length in the tetragonal phase. Above 

the Curie temperature (TC) at 120 °C, the unit cell of BTO has cubic symmetry (Pm3m), 

which is centrosymmetric and therefore is paraelectric117 (Figure 2.27 b). The Curie 

temperature can increase in case of strained BTO thin films, stabilizing the ferroelectric 

phase in BTO117. Generally, the tensile strain in the [0 0 1] direction can enhance the 

tetragonal distortion and lead to the stabilisation of the ferroelectric tetragonal phase, 

including to high temperatures. Conversely, compressive strain in [0 0 1] can stabilise 

paraelectric cubic phase at room temperature. BTO can also undergo to a series of 

ferroelectric to ferroelectric transitions from tetragonal to orthorhombic (Bmm2), which 
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is observed at 5 °C and from orthorhombic to rhombohedral (R3m) at -90 °C. It can be 

also noted that P is parallel to the edge of the crystal unit cell for tetragonal phase, while 

for the orthorhombic (a = c < b) and rhombohedral (a = c = b) phases it is parallel to the 

face diagonal and the body diagonal, respectively (Figure 2.27 b)122. 

 

Figure 2.27 Crystalline structure of BTO above and below the Curie temperature 

and the relative unit cell distorsion121 (a); Variation of the unit-cell parameter with 

temperature for the different BaTiO3 phases122 (b). 

The band gap of BaTiO3 bulk is reported to be around 3.2 eV. However, decreasing the 

particle size of BaTiO3 (< 11.5 nm), it was observed that the band gap increased (~3.47 

eV) for the particle size of 6.7 nm120. Moreover, the synthesis methodology can induce 

variations in the band gap energies: for example, BaTiO3 thin films prepared by sol-gel 
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method show a band gap of 3.7 e V121. Owing to its low toxicity, ease of preparation and 

excellent ferroelectric properties, BTO has been largely used as photocatalyst as reported 

in the previous sections122. 

2.3.2 Hematite (α-Fe2O3) 

Iron oxides are the most abundant mineral on Earth and they constitute the primary source 

of iron. Among them, hematite (α-Fe2O3) is the most stable phase. Hematite has been 

largely used for photocatalytic applications. The hematite structure possesses two formula 

units per unit cell: the trigonal–hexagonal and the primitive rhombohedral unit cells 

(Figure 2.28 a,b)55. Iron and oxygen atoms are arranged in a trigonal–hexagonal unit cell 

structure with space group R3c and lattice parameters a = b = 0.5034 nm, and c = 1.375 

nm, with six formula units per unit cell. For the rhombohedral unit cell, αrh = 0.5427 nm 

and α= 55.3°. 

 

Figure 2.28 Schematic illustration of the crystal structure of hematite: (a) hexagonal 

unit cell and (b) rhombohedral primitive cell54. 

Hematite (α-Fe2O3) is a very promising n-type semiconductor for photo-electrochemical 

water splitting thanks to its widespread availability, extraordinary chemical stability and 
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good visible light absorption123, due to its bandgap of 2.1 eV. However, hematite has not 

yet maximized its theoretical photoelectrochemical performance, because it is affected by 

various intrinsic factors such as long penetration depth of visible light, a very short 

excited-state lifetime (~10-12 s)25, combined with the poor minority charge carrier 

mobility (0.2 cm2 V-1 s-1)124. Therefore, most of the photogenerated charge carriers 

undergo recombination before reaching the material’s surface. Thus, different strategies 

have been recently used to improve the efficiency of hematite-based photoelectrodes, 

including nanostructuring and use of internal electric field, which have been adopted in 

this PhD thesis. 

2.4 Research aim and objectives 

The aim of the research reported in this thesis is to investigate the effect of ferroelectric 

polarisation on the photoelectrochemical (PEC) properties of nanostructured ferroelectric 

BaTiO3 thin films and subsequently to combine ferroelectric BaTiO3 and photocatalyst 

Fe2O3 (Fe2O3/BaTiO3) films to enhance the PEC performance for solar water splitting. 

The design approach used for the fabrication of Fe2O3/BaTiO3 photoanode is based on 

the incorporation of nanostructured ferroelectric BaTiO3 in parallel with Fe2O3, as more 

efficient photoactive material, rather than in series. This design aims to prevent charge 

transfer between photocatalyst and ferroelectric material. Combining the ferroelectric and 

photocatalyst materials in parallel at nanoscale, the electric field generated by the 

ferroelectric BaTiO3 can be coupled to the photocatalyst Fe2O3, which harvests the 

majority of incident light. This facilitates the separation of photogenerated charges 

without any charge transport through the ferroelectric material (Figure 2.29). 
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Figure 2.29 Schematic design structure of Fe2O3 photocatalyst coated onto 

ferroelectric BaTiO3 in parallel at the nanoscale. 

Thus, the main objectives of this work are: 

1. Identify an appropriate design for the development of nanostructured BaTiO3 thin 

films, allowing the successful integration with Fe2O3 photocatalyst.  

 

2. Investigate the effect of ferroelectric polarisation on the PEC properties of 

nanostructured BaTiO3 films as photoanode. 

 

3. Combine BaTiO3 films with Fe2O3 photocatalyst and study the influence of 

ferroelectric polarisation from BaTiO3 films on the PEC performance of the overall 

composite Fe2O3/BaTiO3 photoanode. 
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2.5 Summary 

This literature review section has touched upon the mechanism behind solar water 

splitting as well as the different cell configurations based on semiconductor 

photocatalysts for solar water splitting. The main factors influencing photocatalytic 

efficiency and the strategies used for its improvement have been discussed. The origin, 

basic principles and unique properties of ferroelectric materials in photocatalysis have 

been described, discussing relevant examples for this PhD thesis. Moreover, the 

semiconductor materials that will be studied in this thesis have been introduced and the 

aim/objectives of this work have been clearly defined. 

Thus, it has been shown that ferroelectrics are promising for photocatalysis due to 

enhancements in charge carrier separation but they mostly have wide bandgaps. Some 

attempts to use narrower bandgaps ferroelectrics have been made, as well as being 

combined with photocatalysts. But the studies are fairly limited and very few have clearly 

proved that a ferroelectric can directly influence a coupled photocatalyst to give an 

enhanced photoelectrochemical response. Therefore, this PhD thesis will focus on the 

effect of ferroelectricity on the photoelectrochemical properties of bare BaTiO3 films as 

well as BaTiO3 combined with Fe2O3 photocatalyst, as explained in more detail in 2.4. 
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3 EXPERIMENTAL 

METHODS 

3.1 Materials preparation and methods 

3.1.1 Barium Titanate thin films 

3.1.1.1 Nanostructured Barium Titanate thin film growth 

Nanostructured Barium Titanate (BTO) thin films were prepared by hydrothermal 

conversion of amorphous sol-gel TiO2 in BTO thin films1,2. The hydrothermal conversion 

of TiO2 into crystalline BaTiO3 thin films involves dissolution-precipitation reactions and 

ion diffusion (Ba2+, OH-) at the same time. The hydrothermal reaction mechanism can be 

summarized as follows: 

𝑩𝒂𝟐+ + 𝑻𝒊𝑶𝟐 + 𝟐𝑶𝑯
−  ⥩ 𝑩𝒂𝑻𝒊𝑶𝟑 +𝑯𝟐𝑶 3.1 

where Ti4+ ions in the TiO2 film react with Ba2+ and OH- ions present in the alkaline 

solution until an equilibrium is reached between the BaTiO3 thin films and TiO2 films3. 
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The synthesis of nanostructured BTO thin films comprises the following steps: (1) 

preparation of Ba(OH)2 and TiO2 precursor solutions, (2) amorphous sol-gel TiO2 thin 

films deposition, (3) hydrothermal treatment.  

3.1.1.1.1 Preparation of Ba(OH)2 and TiO2 precursor solutions 

Hereafter, all chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

0.25 M, 0.3 M, 0.4 M Ba(OH)2·8H2O precursor solutions (pH ≥ 12) were prepared by 

dissolving 27.76 g, 33.31 g and 44.41 g respectively in 352 ml of deionized (DI) water at 

room temperature (RT) under stirring. TiO2 precursor solution was prepared from 

titanium isopropoxide (0.2 M) solution in ethanol, with the addition of HCl (0.02 M) at 

RT under stirring.  

3.1.1.1.2 Amorphous sol-gel TiO2 thin film deposition 

In this thesis, fluorine-doped tin oxide coated float glass (Sigma Aldrich, SKU 735167-

1EA, L × W × thickness 300 mm × 300 mm × 2.2 mm, surface resistivity ~7 Ω/sq) is used 

as a substrate for film deposition. Before the deposition process, 1×2 cm2 FTO glass 

substrates were sonicated sequentially in deionized (DI) water, acetone, and 2-propanol 

for 15 minutes each. Between each step, FTO glass substrates were blown with nitrogen, 

to remove any possible dust/particulates deposited. After that, the prepared TiO2 

precursor solution was deposited by spin-coating on FTO glass at 4000 rpm for 30 s and 

subsequently, the TiO2 gel films were prebaked at 120 °C for 10 min. This procedure was 

repeated to obtain two, five and seven layers of TiO2 gel films. The prebaking temperature 

of TiO2 gel films is important for the successful preparation of BaTiO3 thin films: it has 

been reported that when the prebaking temperature is above 250 °C, the TiO2 films seem 

not successfully crystallized and therefore not suited for hydrothermal reaction2. 
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3.1.1.1.3 Hydrothermal treatment  

The amorphous sol-gel TiO2 films were held vertically on a dedicated sample holder for 

this hydrothermal reaction and then set into a Teflon vessel. After that, the Ba(OH)2 

solution was poured into the Teflon vessel, which was then placed in the stainless steel 

autoclave reactor. The latter was transferred into an electric oven (Memmert) for the 

hydrothermal treatment at 210 °C for 3 h. After the holding period, the heater was 

switched off and the autoclave reactor was cooled down at room temperature (RT). Then, 

the BTO thin films were rinsed in boiling DI water and then they were washed with 

ethanol and dried with compressed air. 

3.1.1.2 Porous Barium Titanate thin films preparation process 

Considering that the morphology of the as-prepared nanostructured BTO thin films was 

not easily controlled as well as the photocatalytic performance of such films was low as 

discussed in Chapter 4, a second approach was adopted to prepare porous Barium Titanate 

(pBTO) thin films. Porous Barium Titanate (pBTO) thin films were synthesized by a soft 

template-assisted sol-gel method4,5. The preparation of pBTO thin films involves the 

following 3 steps: (1) preparation of precursor solution, (2) thin films deposition and (3) 

thermal treatment. 

3.1.1.2.1 Preparation of precursor solution 

To prepare pBTO precursor solutions, different quantities of block copolymer (BCP) 

Pluronic-P123 (0.2 g, 2 g, 3.5 g, 5 g; BASF Corporation) were dissolved in absolute 

ethanol (3.8 ml) at 40°C, under stirring. Then, barium acetate (0.46 g); (Thermo Fisher 

Scientific) was added into glacial acetic acid (3 ml); (Thermo Fisher Scientific) at 50°C 

under stirring, until complete solubilisation. After the solution was cooled down to RT, 
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an equimolar amount of titanium butoxide (0.61 g) was added dropwise to the barium 

acetate solution. The solution was kept stirring for 30 min at RT. After the Pluronic-P123 

solution was cooled down to RT, it was added dropwise under stirring to obtain the final 

solution. The mixture was kept stirring for 1h at RT.  

3.1.1.2.2 Thin film deposition 

Before the deposition process, 1×2 cm2 FTO glass substrates were cleaned using the 

procedure reported in 3.1.1.1.2. To prevent charge recombination at the interface between 

the pBTO layer and FTO glass6, pBTO thin films were grown on compact titanium 

dioxide (cTiO2) used as a blocking layer. TiO2 precursor solution was prepared using the 

procedure detailed in 3.1.1.1.1. The as-prepared TiO2 precursor solution was deposited 

by spin-coating (4000 rpm, 30 s) and it was heated up at 120 °C for 10 min and then 500 

°C for 30 min1. After the deposition of the cTiO2 layer on FTO substrates, 70 µl of the 

prepared barium titanate precursor solutions were deposited by spin-coating on FTO glass 

at 500 rpm, 5 s (1st step) and then 3000 rpm, 30 s (2nd step), successively. In this thesis, a 

digitally-controlled spin coater (G3P Spin Coater, Specialty Coating Systems Inc.) was 

used, equipped with a vacuum specimen stage to secure the substrate during spinning and 

a control system to program spin velocity and duration. 

3.1.1.2.3 Thermal treatment 

After the deposition process, the thermal treatment was performed to convert the as-

deposited gel-thin films into crystallized pBTO thin films. The thermal treatment process 

comprises three steps: (1) Drying, (2) Pyrolysis (3) Sintering7. The drying process 

involves the evaporation of the solvent by spin-coating and heating. After that, the 

pyrolysis step at a higher temperature is necessary to remove all the polymers in the 
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material before crystallization to limit the formation of defects in the films. During the 

sintering step which requires a higher temperature than pyrolysis, the amorphous films 

are transformed into crystallized films through the nucleation-and-growth process8. 

In this thesis, after spin-coating deposition, the thin films obtained were placed on a hot 

plate at 90 °C for 1 min for drying and then 350 °C for 4 min for pyrolysis. Afterwards, 

they were cooled down at RT. Then, the thin films were transferred into a box furnace 

(Lenton Furnace, model UAF 14/5) and annealed at 750 °C for 10 min for the 

crystallization into BTO and then cooled to 30 °C, with a ramp rate of 5 °C/min.  

The same procedure was also used for the synthesis of pBTO thin films using different 

atmospheres. In this case, the pBTO thin films were annealed in O2, air or N2 conditions 

in a tube furnace (Lenton Furnace, model LTF 12/100/940) at 750 °C for 10 min and then 

cooled down at RT at 30 °C, with a ramp rate of 5 °C/min and controlling the gas flow (2 

L/min).  

3.1.2 Hematite-Barium Titanate nanocomposite thin films   

3.1.2.1 Hydrothermal growth of hematite Nanorods on porous Barium Titanate 

In this thesis, pBTO-5 thin films, synthesized by the soft template-assisted sol-gel method 

detailed in 3.1.1.2, were used as substrates for the hydrothermal growth of hematite 

(Fe2O3) nanorods, which were prepared by Qian Guo, PhD student from Dr Ana Sobrido’s 

research group. For the synthesis of hematite nanorods, the obtained pBTO thin films 

were placed in an autoclave reactor, containing 0.15 M of FeCl3 and 1 M NaNO3 solution. 

Then, the autoclave reactor was transferred into an oven and heated up at 100 °C for 1 h. 

After cooling down at RT, the as-prepared FeOOH deposited pBTO-5 samples were 
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thoroughly rinsed with DI water followed by annealing at 800 °C for 10 min with a speed 

rate of 10 °C/min to convert the FeOOH into hematite. The same experimental procedure 

is used for the preparation of hematite thin films on FTO glass as a substrate, which are 

be used as control samples in this thesis. 

3.1.3  Sample abbreviations 

To identify the different samples produced in this section and described in more detail in 

the following chapters, the sample notation is illustrated in Table 3.1. 

Table 3.1 List of the samples used in this thesis with the relative notation assigned. 
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3.1.4 Electrochemical (EC) poling pretreatment 

In this thesis, all the thin films prepared were used as photoanodes. Thus, to investigate 

the effect of ferroelectric polarization on their photoelectrochemical performance, 

electrochemical (EC) poling pretreatment was carried out on pBTO thin films and 

Fe2O3/pBTO-5 samples using a two-electrodes cell configuration: the sample and a 

platinum wire were used as the working electrode (WE) and counter electrode (CE), 

respectively.  

The choice of the voltage value to apply for the EC poling depends on the coercive field 

of the ferroelectric material. However, it is necessary to consider that eventual potential 

losses can be experienced because the external field is not directly applied between the 

surface and the bottom of the ferroelectric thin film. Recently, it has been demonstrated 

that macroscopic poling of BiFeO3 thin films is obtained by applying poling potentials 

higher than 5 V9. Thus, for macroscopic poling, an electrolyte with a large 

electrochemical window is required, where no chemical reactions are observed in a 

potential range [-10 V, +10 V]. Therefore, in this thesis, the EC poling was conducted in 

a non-aqueous electrolyte solution (0.1 M LiClO4 in propylene carbonate) using a two-

electrodes cell, where the sample and platinum electrode were used as the working and 

counter electrodes respectively. Potentials of +8 V/-8 V were alternatively applied on the 

platinum electrode for 5 steps (10 s each) using a Keithley 2400 source-measure unit to 

apply the voltage, while the sample was held at 0 V. The last potential was +8 V or -8 V 

to obtain a remnant Pdown or Pup, respectively. The +/-8 V applied voltage was selected 

according to previous research works10,11, where ferroelectric films prepared in similar 

conditions were poled using the above voltage. It should be noted that it is difficult to 
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know the precise electric field that is applied across the film itself in these conditions, 

since there will be voltage drops across the electrolyte, interfaces, etc. The current flow 

between the sample and counter electrode was monitored to be not higher than 1 mA to 

avoid damaging the sample10,11. The schematic of the EC poling procedure used in this 

thesis is illustrated in Figure 3.1. After EC poling, the thin films were washed with DI 

water, acetone, and ethanol and dried in air before performing Linear Sweep Voltammetry 

(LSV) measurements. 

 

Figure 3.1 (a) Schematic of the method used for the EC poling of ferroelectric thin 

films and (b) relative picture of the system used in this thesis. 

3.2 Material Characterization Techniques  

3.2.1 Scanning Electron Microscopy 

The morphology of all BTO samples, H/pBTO-5 and bare H thin films was investigated 

by scanning electron microscopy (SEM) on an FEI Inspect F, using an accelerating 

voltage of 5 kV. Both top view and cross-sectional view were acquired for all thin films. 

For the top view imaging, the samples were fixed onto a steel stub with a sticky double-
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sided copper tape, which increases conductivity. The conductive edge of FTO glass was 

then connected to the copper tape. No further conductive film coating was necessary for 

these samples. For cross-sectional view characterization, the samples were mounted 

vertically on a steel stub, using sticky copper tape. This stub is equipped with a small set 

screw to hold the samples in the vertical position. Silver paint was additionally applied to 

ensure conductivity. In this case, to avoid charge buildup on the samples’ surface, a 

palladium/gold coating was applied on the thin films in a sputter coater. 

The thickness measurements from all SEM cross-sectional images of all BTO thin films, 

Fe2O3/pBTO-5 and Fe2O3 samples were obtained using ImageJ analysis. Moreover, the 

estimation of porosity in pBTO thin films from SEM images was also obtained using 

ImageJ analysis software, where the pore area was isolated by thresholding12.  

An energy-dispersive X-ray (EDX) spectrometer was used for elementary composition 

analysis of pBTO thin films, Fe2O3/pBTO-5 and Fe2O3 samples. 

3.2.2 Spectroscopic Ellipsometry 

To determine the overall porosity of pBTO thin films, spectroscopic ellipsometry (SE) 

measurements were carried out on a Semilab SE2000 ellipsometer. To perform this 

analysis, pBTO samples were prepared using the procedure reported in 3.1.1.2 but the 

films were deposited on a Si substrate without a compact TiO2 blocking layer.  

Before SE measurements, samples were placed on a hot plate (120 °C, 30 min) to remove 

any possible residual water molecules that remained in the pores. Application of a 

Bruggeman effective medium approximation (EMA) allowed accurate determination of 

the overall porosity of each pBTO sample13. To confirm ambient porosity calculations, 
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porous samples were infiltrated with water. Subsequently, SE measurements were fitted 

again using the same EMA but adding water instead of air as a medium material14. 

Absorption isotherms were obtained using an ellipsometric porosimetry chamber with 

controllable humidity.  The Brunauer, Emmett and Teller (BET) fitting allowed the 

determination of the surface area for the different porosity BaTiO3 samples presented 

here. All data analyses were performed using Semilabs SEA software (v1.6.2). The SE 

measurements and the relative data analysis were carried out at University College 

London (UCL) in the Department of Chemical Engineering, by Dr Alberto Alvarez 

Fernandez, Postdoctoral Research Associate in the Adaptive and Responsive 

Nanomaterials (AdReNa) research group. 

3.2.3 X-ray Diffraction 

The crystalline phase of all the samples reported in this thesis was investigated by X-ray 

Diffraction (XRD) using a PANalytical X’Pert Pro diffractometer, equipped with a Cu-

K source, with 0.5° grazing incidence angle. The XRD measurements were obtained 

from 2𝜗 = 20° to 70° with a scan speed of 0.006 °/s. The XRD measurement were carried 

out by Dr Richard Whiteley, XRD characterisation technician in the Department of 

Engineering and Materials Science at the Queen Mary University of London. 

3.2.4 UV-vis spectroscopy 

UV-vis spectroscopy refers to absorption spectroscopy as a function of wavelength, 

which gives information about the electronic transitions occurring in the sample15.  

The UV-vis spectra of all BTO samples, Fe2O3/pBTO-5 and Fe2O3 thin films, presented 

in this thesis, were measured using a Perkin Elmer Lambda 950 UV-vis 
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spectrophotometer with an integrating sphere. The spectra range was varied considering 

the material analysed. The optical bandgap (Eg) of all thin films was estimated using Tauc 

relation16, which is known as: 

𝜶𝒉𝒗 = 𝑪(𝒉𝒗 − 𝑬𝒈 )
𝒏
 3.2 

where C is a constant,  is absorption coefficient, hv is the incident photon energy, and n 

is related to the type of transition. The direct bandgap energy Eg of all BTO thin films, 

Fe2O3/pBTO-5 and Fe2O3 samples was determined by the extrapolated linear region of 

the plots at (hv)2 = 0. 

3.2.5 Raman spectroscopy 

Raman spectroscopy is a spectroscopy technique based on inelastic or Raman scattering, 

which arises from the interaction between the incident photons and the phonons in the 

material. The difference in frequency between the incident and the scattered light gives 

information on vibrational, rotational and other low-frequency modes of a sample17. Thus, 

this technique is largely applied for the identification of molecules and chemical bonding 

as well as the study of phase transition in crystalline materials and the investigation of 

photoluminescence properties in semiconductors18. 

Raman spectroscopy measurements of all BTO thin films reported in this thesis were 

carried out on Renishaw inVia confocal Raman microscope, using 100 X objective and 

442 nm as excitation wavelength. The Raman spectra were acquired after setting 

accumulation and acquisition time to 3 and 100 s, respectively, in the 100-1000 nm range. 
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3.2.6 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopy technique that 

allows estimating the elemental composition, chemical and electronic state of the 

elements on the surface (up to 10 nm) of a material, upon X-ray irradiation under ultra-

high vacuum (UHV). It is based on the photoemission process, where an electron is 

ejected from an atom after excitation by an incident photon, possessing energy at least 

equal to the binding energy (Eb) of the electron. The latter is known as photoelectron17. 

X-ray photoelectron spectroscopy (XPS) measurements of pBTO-air, pBTO-N2, pBTO-

O2, Fe2O3/pBTO-5 and Fe2O3 thin films were conducted on Thermo Fisher Nexsa 

spectrometer, provided of monochromated Al K source and micro-focused to a spot size 

of 100 m on the sample surface. The instrument was operated in constant analyser 

energy (CAE) mode. The survey and the high-resolution core-level spectra were recorded 

using a pass energy of 200 eV and 50 eV with a step size of 0.5 eV and 0.1 eV, 

respectively. To compensate for the surface charging during measurement, an electron 

flood gun was used. Data acquired were processed using Thermo Avantage software. 

Moreover, charge correction was carried out using surface adventitious carbon set to 

284.8 eV. 

3.2.7 Piezoresponse Force Microscopy 

Piezoresponse force microscopy (PFM) is a technique developed for imaging and 

manipulation of ferroelectric materials at the nanoscale19. Figure 3.2 illustrates the 

standard experimental setup of PFM. During PFM measurements, a ferroelectric sample 

is placed between the bottom electrode and the conductive PFM tip, used as a movable 

top electrode. When an ac voltage is applied to the conductive tip, a periodic surface 
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volume change is produced in the material, inducing a force on the tip that is measured 

as a displacement of the PFM cantilever using a beam deflection system. This 

electromechanical (EC) response of the material surface constitutes the PFM response, 

expressed in terms of amplitude and phase, which are read out via the lock-in amplifier, 

as shown in Figure 3.220. Specifically, the PFM amplitude and phase signals represent the 

magnitude of the piezoelectricity and the polarization direction, respectively21. 

 

Figure 3.2 Schematic of PFM setup20. 

In this thesis, PFM images were recorded using Bruker Dimension IconXR atomic force 

microscope to investigate the ferroelectric domains of pBTO-0.2 and pBTO-5 thin films. 

PFM imaging was performed in Datacube mode (DCUBE PFM) by applying a DC 

voltage sweep to the tip going from -8 V to +8 V. DCUBE PFM height, phase, and 

amplitude signals of pBTO-0.2 and pBTO-5 were acquired off-resonance at 250 kHz and 

with 4 Vac. However, the PFM measurement is accurate only when the electrostatic force 

is zero, i.e. when the tip voltage = surface potential, therefore, hysteresis loops were 
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measured without electrostatic field artefacts by using Switching Spectroscopy PFM (SS-

PFM) mode. SS-PFM mode allows highly accurate and sensitive characterization of a 

ferroelectric materials’ properties at the nanoscale, reducing the electrostatic 

contributions that can arise using the standard PFM tecnique22.   

The acquisition of the hysteresis loops using SS-PFM involves applying a series of (‘on-

field’) write voltage segments for each of several (‘off-field’) read voltages, as shown in 

Figure 3.3.  

 

Figure 3.3 (a) The multi-segment SS-PFM script with ‘write’ (blue) and ‘read’ (red) 

steps. (b) For each ‘read’ voltage, a PFM hysteresis loop is extracted. The hysteresis 

loop at the sample’s work function is the artefact-free one. 

The purpose of the ‘on-field’ segments is to determine the voltage (between tip and 

sample) where the polarization state of the material changes. The ‘off-field’ segments 

allow characterization of the material response after each of the ‘on-field’ segments to 

look for the state change and measure the material response.  By using a series of different 
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‘off-field’ voltages, it is possible to compensate for electrostatic field artefacts that arise 

due to the difference in contact potential between tip and sample. During each write and 

read voltage segment, the amplitude/phase vs. contact resonance frequency sweeps are 

performed. These are then fitted and peak amplitude, quality factor, and corresponding 

phase values are recorded. Plots of amplitude and phase vs. write voltage are extracted. 

The SS-PFM data were collected with minimum and maximum write voltage segments 

ranging from – 10 and +10 V, respectively, in 50 steps, going from low to high. The write 

time duration of each segment was 10 ms. The minimum and maximum read voltage 

segments ranged from – 4 and +5 V, respectively, in 7 steps, going from low to high. The 

read time duration of each segment was 20 ms. 

All PFM measurements, including SS-PFM and the relative extrapolation of hysteresis 

loops, were carried out at Bruker in Coventry (UK) and Santa Barbara (CA) by Vishal 

Panchal, Bede Pittenger and Peter De Wolf. 

3.2.8 Photoelectrochemical measurements 

Photo-electrochemical (PEC) measurements, including Linear Sweep Voltammetry 

(LSV), Chronoamperometry and Mott-Schottky (MS), were conducted on all BTO thin 

films, Fe2O3/pBTO-5 and Fe2O3 samples using a PEC cell with a three-electrode 

configuration, which was connected to a potentiostat (Gamry Potentiostat Interface 1000). 

A solar simulator (Sciencetech, Class: ABA) was used for the illumination of all thin 

films. All the PEC measurements were taken at AM 1.5 G 1 sun (100 mV/cm2). The 

experimental setup used for PEC testing is illustrated in Figure 3.4 a. 
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In this thesis, a large volume PEC cell was used, containing the selected sample as 

working electrode (WE), Ag/AgCl (Ag/AgCl, E0
Ag/AgCl, sat’d KCl = +0.197 V vs. NHE at 25 

°C) or Hg/HgO (E0
Hg/HgO, 1M NaOH = +0.14 V vs. NHE at 25 °C) as reference electrode 

(RE), and a Pt wire as counter electrode (CE), immersed in 1 M NaOH solution (pH = 

13.6) as electrolyte. Fe2O3 is usually stable at high pH, thus 1 M NaOH as basic electrolyte 

has been used in this thesis. Ag/AgCl RE is usually used in a wide range of pH values but 

the immersion in basic solutions over a long period can damage the electrode frit. Thus, 

in the last part of my PhD, Hg/HgO RE was used as it is more suitable for alkaline 

electrolytes. WE, RE, CE were connected to the potentiostat with the alligator clips 

(Figure 3.4 b). To connect the sample to the electrical circuit before PEC testing, a portion 

of FTO glass was left uncovered during the film deposition through the use of Kapton 

tape. For convenience, the samples were cut into 1x2 cm2 pieces so a geometric surface 

area of 1 cm2 was used for the illumination. Alternatively, a non-conductive epoxy resin 

was applied to delimitate the geometric surface area for illumination. The sample was 

then illuminated through a quartz window by the light flux coming from the lamp.  
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Figure 3.4 (a) Experimental setup used for PEC testing and (b) details of PEC cell. 

To acquire LSV curves, the potential range was chosen according to the sample analysed 

and then it was swept at a rate of 10 mV/s. Chronoamperometry curves were measured 

under chopped illumination at the desired applied potential. 

The charge separation yield of the photogenerated carriers (Pcharge separation) and the charge 

injection yield to the electrolyte (Pcharge injection) were calculated according to the following 

equation: 

𝑱𝑯𝟐𝑶 = 𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 × 𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏  ×  𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒊𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏 3.3 
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Assuming that the charge injection yield is 100% (Pcharge injection = 1) in the presence of a 

hole scavenger (H2O2), the photocurrent measured in the electrolyte with H2O2 (𝐽𝐻2𝑂2) 

can be expressed as follow: 

𝑱𝑯𝟐𝑶𝟐  = 𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 × 𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 3.4 

Based on equations 3.3 and 3.4:  

𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒊𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏 
= 
𝑱𝑯𝟐𝑶

𝑱𝑯𝟐𝑶𝟐
  

3.5 

𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 
= 

𝑱𝑯𝟐𝑶𝟐
𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅

 
3.6 

where 𝐽𝐻2𝑂 is the photocurrent density in 1M NaOH, 𝐽𝐻2𝑂2is the photocurrent density in 

1M NaOH + 0.5 M H
2
O

2
 and 𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 is the theoretical photocurrent density of the 

photoelectrode under standard AM 1.5 G solar illumination23. The value of 𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 was 

taken from ref24. 

3.2.8.1 Incident photon-to-current efficiency (IPCE) 

The measurement and calculation of IPCE for bare Fe2O3 and Fe2O3/pBTO-5 were 

conducted by Chloe Forrester, PhD student from Joe Briscoe’s research group. As 

introduced in 2.1.4, IPCE measurements are obtained by scanning the wavelength of a 

light source and then measuring the current increase from that monochromatized light at 

each wavelength point. Thus, the IPCE measurements were performed using a homemade 

PEEK (polyetheretherketone) cell with two quartz windows (area = 0.503 cm2) held a 

three-electrode set-up: Ag/AgCl reference electrode, a Pt mesh counter electrode and the 

sample as working electrode. The Output photocurrent from the cell, obtained by using 
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chopped light and a lock-in amplifier, was plotted as a function of wavelength of incident 

light. A potential of 1.23 V vs RHE, corresponding to the oxidation potential of water, 

was applied by an Autolab (PG- STAT101, Metrohm) potentiostat. A 75 W xenon arc 

lamp was used as an illumination source which was modulated to the desired wavelength 

by a monochromator (OBB-2001, Photon Technology International). The intensity of 

incident light was measured with an optical power meter (PM 100, Thorlabs) fitted with 

a silicon photodiode (S120UV, Thorlabs) for wavelengths of 250-900 nm. The incident 

light at each calibrated wavelength was chopped three times to obtain an averaged steady-

state photocurrent, which was calculated by subtracting the dark current from the total 

current. The IPCE as a function of incident wavelength was calculated using the equation 

already reported in Chapter 2. 
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4 DEVELOPMENT OF 

NANOSTRUCTURED BARIUM 

TITANATE THIN FILMS 

PARTS OF THIS CHAPTER ARE REPRODUCED WITH PERMISSION FROM ACS 

Appl. Mater. Interfaces 2022, 14, 11, 13147–13157. COPYRIGHT 2022 AMERICAN 

CHEMICAL SOCIETY. 

https://pubs.acs.org/doi/10.1021/acsami.1c17419 

4.1 INTRODUCTION 

One of the approaches that has been regularly adopted to improve photocatalytic activity 

is the fabrication of porous and nanostructured photoelectrodes. These materials present 

the advantage of high surface areas, which considerably enhance their reactivity at the 

https://pubs.acs.org/doi/10.1021/acsami.1c17419
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electrode/electrolyte interface and their light-harvesting capabilities1,2. Moreover, in 

general, at the nanoscale, a larger number of active surface sites are present at the surface 

of these photoelectrodes. This promotes an increase in the surface charge carrier transfer 

rate, which improves the overall photocatalytic performance3. 

As reported in Chapter 2, recent studies have also focused on the role of ferroelectric 

polarization in photo-electrocatalysis. Ferroelectric materials possess spontaneous 

polarization which can be reversibly switched by an external electric field4. This 

spontaneous polarization can induce opposite band-bending at the ferroelectric material’s 

surface, facilitating electron-hole pairs’ migration towards opposite directions. Thus, the 

spatially separated photogenerated carriers are able to participate in the oxidation and 

reduction reactions at different locations5. Indeed, it has been demonstrated that the 

ferroelectric phase of BaTiO3 (BTO) induces the suppression of charge-carrier 

recombination, resulting in much higher carrier lifetimes6. 

Previous research works have reported that redox reactions can occur preferentially on 

the surface of BaTiO3, Pb(Zr,Ti)O3, and LiNbO3 substrates7–10. For example, Giocondi et 

al., have shown that the oxidation and reduction products of Pb2+ and Ag+ cations are 

selectively accumulated on the surface of BTO substrate in proximity of domains with 

opposite polarization5. This result demonstrates that the polarization from the 

ferroelectric substrate spatially separates charge carriers, creating consequently preferred 

reduction and oxidation sites. More recently, researchers have reported the enhancement 

of PEC performance in ferroelectric thin films with planar geometry11–13 but only a small 

number of studies have focused on nanostructured ferroelectric thin films for PEC 

application14–17. Thus, this chapter discusses the impact of nanostructuring and porosity 
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on ferroelectric thin film photoelectrodes, which could be very favourable in photo-

electrocatalysis. 

Two different fabrication methods were tried to develop nanostructured BTO thin films 

as photoanodes. Firstly, the hydrothermal conversion of TiO2 to BTO was used. The idea 

was to achieve a full morphology control of BTO nanostructure (e.g., size/shape/spacing, 

film thickness) for the combination of this ferroelectric film with a more efficient 

photocatalyst. However, the photocatalytic performance of such nanostructured BTO thin 

films was low, probably due to limited light absorption properties and in addition the 

morphology of the films obtained was not easily controlled. Therefore, in the second part 

of this chapter, a soft template-assisted sol-gel method, which allows large-scale coating 

capability and precise control of chemical composition18,19, was used for the preparation 

of porous BTO thin films. Suzuki et al. have reported that the addition of porosity in 

ferroelectric thin films generates an anisotropic strain, which distorts the ferroelectric 

crystal lattice, promoting the stabilization of the ferroelectric phase20. In fact, it has been 

observed that porous ferroelectric thin films show a higher local piezoelectric response 

and an enhancement of electromechanical properties compared to dense films21–23. Using 

this facile and low-cost approach, it was possible to tune the porosity in BaTiO3 thin films, 

while retaining ferroelectric polarization. Importantly, it was demonstrated that the 

photoelectrochemical performance can still be controlled via the ferroelectric polarization 

in porous BaTiO3 thin films using electrochemical poling of the porous films. This paves 

the way for morphology optimization of ferroelectric photoelectrodes, improving thus 

their capabilities for photo-electrochemical applications. 
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4.2 Nanostructured BTO thin films 

4.2.1 Tuning of morphology 

BTO thin films were prepared using hydrothermal conversion, described in Chapter 3, 

which is based on the reaction of sol-gel TiO2 films, annealed at low temperature and 

therefore amorphous, with Ba(OH)2. In order to control the nanostructure morphology of 

BTO thin films, different concentrations of Ba(OH)2 precursor solution and a different 

number of TiO2 layers have been investigated. 

The top-view SEM images reported in Figure 4.1 illustrate the morphology of BTO thin 

films with increasing concentration of Ba(OH)2 precursor solution. For this trial, a single 

layer of TiO2 was deposited on FTO glass substrate prior to Ba(OH)2 treatment. It can be 

observed that the morphology of BTO thin films depends considerably on Ba(OH)2 

concentration, which is responsible for the equilibrium between the dissolution-

precipitation reactions, on which the hydrothermal treatment is based24. In particular, the 

crystallization of BTO with the dissolution-precipitation reactions occur in the TiO2 

precursor thin film at a concentration of Ba(OH)2 > 0.2 M, generating a morphology of a 

columnar BTO thin film. However, it can be noticed that when the Ba(OH)2 concentration 

is 0.4 M, the morphology of BTO thin films assumes a denser and aggregated structure. 

Comparing the BTO films prepared using different concentrations of Ba(OH)2 precursor 

solution, 0.25 M BTO thin films also possess more spacing between the BTO 

nanostructures which could allow a better combination with a photocatalyst. Therefore, 

0.25 M BTO thin films have been used for further study. 
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Figure 4.1 Top view SEM images of BTO thin films, prepared by increasing the 

Ba(OH)2 concentration from 0.25 M to 0.4 M (scale bar: 500 nm) with one layer of 

TiO2. 

After that, 0.25 M BTO thin films have been also prepared using different number of TiO2 

layers, deposited on FTO glass by spin-coating. After this deposition process, TiO2 films 

were immersed in 0.25 M Ba(OH)2 solution for the hydrothermal conversion in BTO. 

Figure 4.2 shows that increasing the number of TiO2 layers in 0.25 M BTO, the spacing 

between the BTO nanostructures is gradually reduced. Indeed, it is expected that the Ba 

intercalates into the amorphous TiO2. However, variability among BTO samples prepared 

in the same conditions needs to be considered. For instance, under the same Ba(OH)2 

concentration (0.25 M), the nanostructures of BTO sample prepared using two TiO2 

layers look more spaced than that with one TiO2 layer (Figure 4.1). 
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Figure 4.2 Top-view SEM images of 0.25 M BTO thin films, prepared using an 

increasing number of TiO2 layers (scale bar: 1 µm). 

The top-view SEM image of TiO2 films used for the hydrothermal conversion in BTO is 

shown in Figure 4.3 a. In addition, the successful deposition of TiO2 on FTO glass was 

monitored measuring the thickness of TiO2 layers by Dektak profilometer. Dektak 

measurements were performed by Dr Lokeshwari Mohan, postdoctoral research assistant 

in Joe Briscoe’s research group at Queen Mary University of London. Figure 4.3 b shows 

that the thickness of TiO2 films is linearly proportional to the number of layers deposited 

on FTO glass by spin-coating (R2=0.99). Indeed, increasing the number of TiO2 layers 

from two to seven, the average thickness of TiO2 increases from 138.40 nm to 546.63 nm.  
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Figure 4.3 Top-view SEM image of TiO2 film (scale bar: 1 µm) (a) and linear 

relationship between the number of TiO2 layers, deposited by spin-coating on FTO 

glass, and their relative thickness (b).  

Considering the results obtained from SEM analysis, the BTO thin films prepared with 

0.25M Ba(OH)2 and 2 layers of TiO2 (0.25 M BTO-2L) seems more suitable for the 

fabrication of ferroelectric-photocatalyst composite film, because they could allow a 

complete integration of the photocatalyst within the BTO thin film.  

Therefore, hereafter only 0.25 M BTO-2L thin films will be considered for further 

investigation. The top-view and cross-sectional SEM images of 0.25 M BTO-2L thin 

films show a uniform morphology with column structure (Figure 4.4 a,b). The average 

thickness of the film, measured from SEM cross-sectional image (Figure 4.4 b), is 380 

nm. 
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Figure 4.4 Top-view (a) and cross-sectional (b) image of 0.25 M BTO-2L thin films 

(scale bar: 1µm). 

4.2.1.1 Optical and crystalline properties 

The optical properties of 0.25 M BTO-2L thin films were investigated using UV-vis 

spectroscopy. The UV-vis spectrum of 0.25 M BTO-2L sample shows an absorption edge 

at ca. 360 nm, across the UV light range (Figure 4.5 a, inset). The optical direct bandgap 

energy of 0.25 M BTO-2L, estimated using the Tauc model reported in Chapter 3, is 3.87 

eV, which is 0.65 eV larger than that of BaTiO3 bulk25, but in accordance with previous 

research works on BTO nanostructured thin films26 (Figure 4.5 b). 
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Figure 4.5 UV-vis absorption spectrum of 0.25 M BTO-2L thin films (a) and relative 

Tauc plot used for the determination of bandgap (b). 

Furthermore, to investigate the crystalline phase, XRD analysis was performed. The XRD 

pattern of 0.25 M BTO-2L, reported in Figure 4.6 a, shows the peaks at 2θ = 22.2° (100), 

31.5° (101), 38.9° (111), 44.8° (002), 50.7° (102), 56.1° (112), which confirm the 

formation of perovskite barium titanate (JCPDS No. 05-0626)24. There is no evident trace 

of the peaks referred to the TiO2 anatase phase (JCPDS No. 00-021-1272) after the 

hydrothermal process other than those from the FTO glass substrate and perovskite phase 

of BaTiO3. This result indicates that the hydrothermal conversion of TiO2 in BaTiO3 is 

successfully achieved. 

However, using XRD analysis, the presence of the tetragonal phase, which is responsible 

of the ferroelectric behaviour in BTO thin films, was not confirmed. Indeed, according to 

the JCPDS 05-0626 reference card, in the XRD pattern of BTO tetragonal phase, it should 

be possible to observe the splitting of the peak at 2𝜗=45° into two peaks at 2𝜗=44.8° and 

2𝜗=45.4°, corresponding to hkl Miller indices (002) and (200), respectively, compared to 

the cubic phase. Even if the presence of a slight shoulder is observed in Figure 4.6 b, 
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0.25 M BTO-2L does not show clear peak splitting probably because the small particle 

size in nanostructured BaTiO3 induces inherent line broadening27. The presence of an 

amorphous hump in 0.25 M BTO-2L sample is also detected, which could be attributed 

to the amorphous glass substrate where the BTO films are deposited. Indeed, as observed 

from the SEM images of 0.25 M BTO-2L, the BTO nanostructures are separated by big 

gaps, which can contribute to the XRD results.  

 

Figure 4.6 XRD pattern of 0.25 M BTO-2L thin film (a) and corresponding 

enlargement in 40°-50° region (b). 

Considering that the transition to tetragonal phase in 0.25 M BTO-2L thin films was not 

confirmed using XRD analysis, Raman spectroscopy was used as technique to determine 

the crystalline phase. A commercial BTO powder, annealed at 1200 °C for 12 h, was used 
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as reference sample. The BTO powder shows the peaks at 275, 305, 520, and 720 cm-1, 

which are assigned to the [A1(TO)], [B1 + E (TO + LO)], [E(TO) + A1(TO)], and [E(LO) 

+ A1(LO)] Raman active modes, corresponding to the tetragonal phase of BTO28. The 

tetragonality of BTO commercial powder was verified using temperature-dependent 

Raman spectroscopy. Increasing the temperature up to 300 °C, the Raman peaks relative 

to the tetragonal phase decrease gradually in BTO commercial powder, consistent with 

the ferroelectric-paraelectric phase transition27 (Figure 4.7). 

 

 

Figure 4.7 Raman spectra of BTO powder (1200 °C, 12h), acquired by increasing 

the temperature from 30 °C to 300 °C, in order to demonstrate the tetragonality of 

this reference sample. 
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Comparing 0.25 M BTO-2L thin film with BTO powder (Figure 4.8), three broader peaks 

at 275 cm-1 [A1(TO)], 520 cm-1 [E(TO)+A1(TO)] and 720 cm-1 [E(LO)+A1(LO)] are 

observed in 0.25 M BTO-2L thin films while the peak at 305 cm-1 [B1+E(TO+LO)] is 

not clearly detected. In particular, the increase in the peak width and the drop in the peak 

intensity of 305 cm-1 are the main two characteristics, indicating the tetragonal-cubic 

phase transition27,29. 

It has been observed that surface-related strain in BTO samples can stabilize the cubic 

phase at room temperature in small size particles30. Thus, it can be inferred that probably 

the cubic (paraelectric) and tetragonal (ferroelectric) phases coexist at room temperature 

in 0.25 M BTO-2L thin films, with a dominant cubic (paraelectric) phase. 

 

Figure 4.8 Raman spectra of 0.25 M BTO-2L thin films compared to the reference 

BTO powder. 
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4.2.1.2 Photoelectrochemical performance 

Figure 4.9 shows current density vs. applied potential plot of 0.25 M BTO-2L thin film, 

acquired under dark, light and chop conditions in 1 M NaOH as electrolyte, using the 

photoelectrochemical cell system reported in Figure 3.4. The photoelectrochemical (PEC) 

performance of 0.25 M BTO-2L sample is quite low, giving 0.5 µA/cm2 as maximum 

photocurrent value at 1.6 V vs RHE. This result could be related to the limited light 

absorption properties of this sample due to the wide bandgap as well as the poor 

crystallinity.  

 

Figure 4.9 Linear sweep voltammetry (LSV) curves of 0.25 M BTO-2L, measured 

under dark, chop and light conditions in 1 M NaOH as electrolyte. 

Therefore, it was decided to use an alternative method for the preparation of 

nanostructured BTO thin films, considering that the hydrothermal conversion process was 
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difficult in terms of control of BTO morphological properties (e.g., spacing between 

nanostructured, particles’ size) and it generated a photoelectrode with a very low 

photocatalytic activity. In addition, the tetragonal (ferroelectric) phase of 0.25 M BTO-

2L was not successfully confirmed. 

4.2.2 Porous BTO thin films 

4.2.2.1 Control of porous structure 

Porous BTO (pBTO) thin films were prepared following the so-called soft template-

assisted sol-gel method, using the experimental procedure reported in Chapter 3. An 

overview of the fabrication method is shown in Figure 4.10. To this end, block copolymer 

(BCP) micelles were mixed in solution with the inorganic sol-gel precursors and 

deposited on FTO substrates. In a subsequent step, the hybrid composites were 

transformed into the final porous BTO film by thermal calcination. This is in line with 

previous studies, where controllable porous materials were synthesized using BCPs as 

sacrificial structure-directing agents. Indeed, following this approach pore size can be 

tuned by controlling the BCP molecular weight31 or by the addition of swelling agents to 

the hybrid solution,32 while total sample porosity directly relies on the final organic-

inorganic ratio33. 



DEVELOPMENT OF NANOSTRUCTURED BARIUM TITANATE THIN FILMS 

 

117 

 

 

Figure 4.10 Soft template-assisted sol-gel method, used for the preparation of BTO 

thin films. The procedure involves the following steps: preparation of BTO 

precursor solution, where inorganic component and block copolymer (BCP) agent 

are combined, and the hydrolysis/polycondensation reaction takes place; after that, 

the BTO precursor solution is deposited on cleaned FTO glass by spin-coating and 

the organic/inorganic hybrid film is obtained. Finally, the deposited film is annealed 

(750°C, 10 min) to remove the organic template and to allow the BTO crystallization, 

promoting the formation of porous BTO (pBTO) thin films.  

SEM top-view images confirm the porous structure of pBTO thin films (Figure 4.11 a). 

In particular, the films show a solid matrix with interconnected pores. Furthermore, it is 

possible to observe that by increasing the amount of P123 BCP from 0.2 g to 5 g in pBTO 

thin films (pBTO-0.2, pBTO-2, pBTO-3.5 and pBTO-5) the pore area gradually increases 

(Figure 4.11 a). The morphological features are also investigated through cross-sectional 

SEM images, where the grains are vertically stacked, and the gaps between them are the 
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pores (Figure 4.11 a). Moreover, the thickness of pBTO thin films is linearly proportional 

to the P123 BCP concentration, calculated as the quantity of BCP over the total volume 

of the precursor solution (R2= 0.971). This is expected as the volume occupied by the 

organic sacrificial template present in the thin films deposited by spin-coating is higher 

in pBTO-5 compared to pBTO-0.2. For this reason, the pBTO-5 thin film is thicker 

(Figure 4.11 b). 

 

Figure 4.11 Top-view and cross-sectional SEM images of pBTO thin films, prepared 

with different amounts of P123 block-copolymer 0.2g-5g (scale bar: 500 nm) (a); 
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Linear relationship between the thickness of pBTO thin films and the concentration 

(g/ml) of P123 block-copolymer (b). 

Ellipsometric assessment of pBTO thin films presented in this work was conducted to 

verify the control of porosity according to P123 BCP concentration. The spectroscopic 

ellipsometry (SE) measurements and the corresponding data analysis were performed by 

Dr Alberto Alvarez Fernandez, Postdoctoral Research Associate in the Adaptive and 

Responsive Nanomaterials (AdReNa) research group at University College London 

(UCL). 

Figure 4.12 shows a schematic of the different steps followed in the ellipsometric 

characterization of the fabricated samples. In a first step, a non-porous BTO (npBTO) 

thin film is used to establish the optical characteristics (n and k) of the pristine material 

(Figure 4.12 i). 

 

Figure 4.12 Schematic on the different steps involved in SE for the calculation of 

porosity in pBTO thin films (figure made by Dr Alberto Alvarez Fernandez). Firstly, 

the optical characteristics (n and k) of the pristine material are obtained using 

npBTO (i); after that, a homogeneous flat layer with a certain volume fraction of 
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BaTiO3 (fBaTiO3) and air (fair) is established, allowing the estimation of porosity in 

pBTO samples by application of Bruggeman Effective Medium Approximation 

(EMA) (ii); analogously, an appropriate volume fraction of BaTiO3 (fBaTiO3) and 

water (fH2O) is used to confirm the porosity values obtained (iii). 

The application of a Cauchy dispersion model displayed a reasonable fit with optical 

parameters acquired for the npBTO film (Figure 4.13 b, c). The obtained refractive index 

of the film (1.98 at 632 cm-1) is slightly lower than the one reported in previous literature 

(2.33)34. This small variation can be explained taking into account the presence of certain 

intrinsic porosity, probably due to the material deposition process by spin-coating, and 

visible in the corresponding SEM image, reported in Figure 4.13 a. Considering that all 

BTO samples present in this study are deposited in the same conditions, this residual 

porosity can be neglected. The optical parameters of npBTO are used as reference values 

to determine porosity in all porous pBTO thin films. 
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Figure 4.13 Top-view SEM image of npBTO sample used as reference (scale bar: 

500 nm) (a); ellipsometric angles Ψ (b) and Δ (c) referred to npBTO thin films 

obtained by application of Cauchy dispersion model. 

In a second step, pBTO-0.2, pBTO-2, pBTO-3.5, and pBTO-5 samples were 

characterized following the same SE protocol. In all these cases, ellipsometer angles (Ψ 

and Δ) were fitted using a Bruggeman EMA to extrapolate the overall porosity of each 

pBTO sample (Figure A1 in Appendix). Thus, a homogeneous flat layer with a certain 

volume fraction of each component (BaTiO3 and air) was established (Figure 4.12 ii). In 

the final step, pBTO samples were infiltrated with water to confirm the porosity values 

previously obtained (Figure 4.12 iii). In this case, a homogeneous flat layer with a certain 

volume fraction of BaTiO3 and water was used as starting point for the modelling. Similar 

to the previous case, ellipsometer angles (Ψ and Δ) were fitted using a Bruggeman EMA 
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to determine the overall porosity of each pBTO sample (Figure A2 in Appendix).The 

porosity of pBTO thin films obtained using SE-air, SE-H2O, and SEM analysis is 

summarized in Table 4.1. 

Table 4.1 Porosity (%) obtained using SE-ai, SE-H2O, and SEM analysis for pBTO 

thin films (0.2-5). 

 

 

Figure 4.14 Comparison between porosity (%) values obtained using SEM analysis, 

SE-air, and SE-H2O for pBTO thin films with different P123 BCP concentrations. 
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The porosity values acquired by SE-air and SE-H2O show a linear dependence with P123 

BCP concentration, in agreement with the ones estimated from image analysis of the SEM 

micrographs (Figure 4.14). However, in all cases, the porosity values obtained by SE are 

higher compared to the ones obtained by SEM. It needs to be considered that the 

estimation of porosity from SEM images only refers to the surface of the samples, 

contrary to SE, where the whole film thickness is analyzed35, which would account for 

this systematic underestimation of porosity by SEM analysis. 

Porosity values obtained after infiltration (SE-H2O) show a good reproducibility when 

compared with the ones obtained for ambient measurements (SE-air), showing in both 

cases similar values for high and medium P123 BCP concentrations (Figure 4.14). 

However, for low organic content (pBTO-0.2), SE results show a slight discrepancy (36 

vs. 44 %), as evidenced in Table 4.1. A likely reason for the discrepancy in the pBTO-

0.2 sample may be incomplete water infiltration due to limited pore accessibility due to 

the lower porosity and pore size compared to the rest of the pBTO thin films. Moreover, 

the surface area (S) of pBTO thin films has been determined from the ellipsometric 

adsorption isotherms by applying the BET method. The BET plots obtained for the 

samples presented in this Chapter are shown in the Appendix, Figure A3. By fitting the 

experimental values in the linear range (0.05 ≤ p/p0 ≤ 0.3) the corresponding surface areas 

were calculated. As shown in Table 4.1, a clear reduction in the surface area can be 

identified with the increase in the concentration of the P123 BCP in the starting solution 

from pBTO-0.2 (524 m2/cm3) to pBTO-5 (340 m2/cm3). This can be explained by taking 

into account the increase in the pore area detected in the top-view SEM images (Figure 

4.11 a). Thus, the higher the BCP concentration, the bigger the pores in the final inorganic 

structure and therefore the lower the surface area. 
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4.2.2.2 Optical properties 

The transmittance spectra of pBTO thin films show band edges within 350-380 nm across 

the UV light range, as depicted in Figure 4.15 a. The bandgap energies estimated from 

the Tauc plot are in the range 3.3 to 3.6 eV (Figure 4.15 b), which is close to the value 

reported for bulk samples (3.2 eV)36 and it is in accordance with values previously 

reported for BTO thin films prepared by the sol-gel method (3.7 e V)37.It has been found 

that the preparation technique can induce variations in the stoichiometry and defect 

distribution of the films, leading to differences in the estimated bandgap energies 37. In 

addition, the slight variation between the estimated bandgap energy values of pBTO thin 

films could be correlated to scattering effects which can arise in porous samples. This has 

previously been demonstrated to lead to an apparent absorption enhancement due to light 

scattering, which influences the measured transmittance spectra, including the position of 

the absorption onset used to determine the bandgap38.  

 

Figure 4.15 Transmittance spectra of pBTO thin films (0.2-5) (a) and relative Tauc 

plots, which allow the estimation of their bandgap energies (b). 
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4.2.2.3 Crystalline properties 

To investigate the crystalline phase, XRD analysis was performed on pBTO thin films, 

which clearly show the peaks referred to BTO crystals. However, as discussed in section 

4.2.1.1, it is difficult to discriminate between the cubic (paraelectric) and the tetragonal 

(ferroelectric) phase using XRD. For the pBTO thin films, the presence of the peak 

splitting at 2𝜗= 45°, which is correlated to the transition cubic-tetragonal phase, is not 

distinctly observable, probably because the polycrystalline nature of the film broadened 

the peak width39 (Figure 4.16 a). In addition, the peak at 2𝜗= 45° in pBTO-5 shows a 

lower intensity compared to pBTO-0.2. Indeed, when increasing the concentration of 

P123 BCP, the volume fraction occupied by BTO inorganic precursor present in the film 

deposited by spin coating is lower. Therefore, the signal at 2𝜗= 45° referred to pBTO-5 

is weaker (Figure 4.16 b).  

To further investigate the crystalline phase, Raman spectroscopy was performed on the 

pBTO-5 thin film and compared with a commercial BTO powder, which clearly show the 

tetragonal (ferroelectric) phase of BTO, as reported in Figure 4.7. In the pBTO-5 thin 

film, the presence of the peaks relative to the Raman modes of tetragonal BTO is 

confirmed except for the splitting of [A1(TO)] mode. This can be attributed to the in-

plane compressive strain induced by porosity, which enhances the stability of the 

ferroelectric phase40. The porosity in BTO thin films is expected to induce elongation of 

the crystal lattice toward the c-axis, generating further dislocation of Ti4+ from the center 

of the lattice and consequently in-plane compressive strain in the (001) surface, enhancing 

the ferroelectricity in BTO thin films20. Thus, it is possible to conclude that the pBTO-5 

thin films are in the tetragonal, ferroelectric phase. In addition, the Raman active mode 
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detected at 639 cm-1 in the pBTO-5 thin film is most likely attributed to the anatase phase 

of TiO2
41

 blocking layer, deposited on FTO glass prior to BTO (Figure 4.16 c). 

 

Figure 4.16 XRD patterns of pBTO thin films (0.2-5) (a) and corresponding 

enlargement in 40°-50° region (b); Raman spectra of pBTO-5 compared to the 

reference BTO tetragonal powder (c). 

4.2.2.4 Photoelectrochemical performance of pBTO thin films with different porosity 

After confirming the crystalline phase of pBTO thin films, the photoelectrochemical 

properties of pBTO thin films were tested under chopped illumination in 1 M NaOH as 

electrolyte. All pBTO thin films show higher photocurrent density than the non-porous 
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BTO (npBTO) samples, suggesting that the inclusion of porosity is beneficial (Figure 

4.17). 

 

Figure 4.17 LSV measurements of BTO thin films (a) and relative current density 

values extrapolated at 1.19V vs RHE as a function of the concentration of block 

copolymer P123 (g/ml) in pBTO films (b), acquired under chopped illumination in 

1M NaOH as electrolyte; correlation between current density and surface area 

values of pBTO-0.2, pBTO-2, pBTO-3.5 and pBTO-5 (c). 
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For fair comparison to the pBTO films, the npBTO films used for these tests were 

deposited on FTO glass with a compact TiO2 hole-blocking layer. The presence of TiO2 

layer can prevent short-circuiting of the electrolyte to the FTO. It also can induce a 

favourable band bending in the BTO layer, leading to efficient electron transport towards 

the FTO through the TiO2 layer. Combined with the hole-mirroring effect of the TiO2 

layer, this can effectively suppress charge recombination. Similar to the films on Si 

substrate, those films still demonstrated a non-porous structure when using these 

substrates (Figure 4.18 a), except for the small amount of nanoporosity attributed to the 

material deposition process by spin coating. Moreover, the LSV curve of the compact 

TiO2 blocking layer is shown in Figure 4.18 b, confirming that no additional contribution 

in the PEC performance arises from this layer.  

 

Figure 4.18 Top-view SEM image of non-porous BTO (npBTO) thin film, deposited 

on FTO glass (scale bar: 1µm) (a) and LSV measurement under light-chopped 

illumination of compact TiO2 (cTiO2) blocking layer, acquired in 1 M NaOH as 
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electrolyte (b), showing a negligible PEC response, and thus it does not contribute 

to the photoelectrochemical performance of pBTO films. 

Furthermore, from the current density-voltage (J-V) curves of pBTO thin films, it is 

possible to observe that when increasing the concentration of P123 BCP the measured 

current density gradually decreases (Figure 4.17 a), with pBTO-3.5 and pBTO-5 

displaying very similar values. Extrapolating the photocurrent values obtained across a 

range of samples at 1.19 V vs RHE, which is close to the oxidation potential of water 

(1.23 V vs RHE), this trend can be seen more clearly (Figure 4.17 b), and it can be seen 

that the pBTO-3.5 and pBTO-5 indeed show comparable values of photocurrent density 

within the spread of error across the measured samples. Nevertheless, it is evident that at 

1.19 V vs RHE, pBTO-0.2 shows an enhancement of the photocurrent of about 3 µA/cm2 

compared to pBTO-5 (Figure 4.17 b). 

This result could be related to the presence of a high number of smaller pores in pBTO-

0.2, according to the SEM analysis, which leads to higher surface area and consequently 

improvement of PEC performance. On the contrary, although pBTO-5 shows greater 

overall porosity, this is comprised of larger pores, which results in a lower surface area 

overall and a decrement of overall PEC response. This is confirmed by the measured 

surface area values of pBTO thin films discussed above and reported in the Appendix, 

Figure A3. From Figure 4.17 c, it can be seen that the photocurrent density at 1.19 V vs 

RHE shows a good correlation with the surface area of the samples. 

Therefore, it can be concluded that the introduction of porosity into a BTO photoanode 

does indeed improve the PEC photocurrent, but that a basic increase in overall porosity 

via inclusion of increasing quantities of BCP does not necessarily increase PEC 

photocurrent further. Instead, careful consideration must be given to the morphology of 
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the porous photoelectrode, where a greater number of smaller pores is preferable, as it 

leads to an overall increase of interfacial area in contact with the electrolyte. 

4.2.2.5 Ferroelectric behaviour 

4.2.2.5.1 Microscopic poling: Piezoresponse Force Microscopy (PFM) 

To study the ferroelectric response of pBTO thin films, PFM was obtained for pBTO thin 

films with lower (pBTO-0.2) and higher (pBTO-5) porosity. All PFM measurements were 

performed at Bruker in Coventry (UK) and Santa Barbara (CA) by Vishal Panchal, Bede 

Pittenger and Peter De Wolf. The topographic images show the grain structure of the 

pBTO films where the presence of pores is further confirmed. However, the pores are not 

well-defined, probably because of the use of PFM contact mode, which is not particularly 

suitable for the resolution of film topography. Moreover, it is possible to observe that the 

BTO grain structure is larger in pBTO-5 than in pBTO-0.2, in agreement with SEM 

images (Figure 4.19).  

 

Figure 4.19 Topography of pBTO-0.2 and pBTO-5 obtained by PFM (scale bar: 200 

nm). 

The PFM phase images of pBTO-0.2 and pBTO-5 show clear regions in the samples with 

different contrast, which reflect the grains randomly split into domains of opposite 
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polarities (Figure 4.20 a). The dark areas correspond to domains with polarisation 

oriented toward the substrate (Pdown). In contrast, the bright regions are domains with 

polarisation terminated at the free surface of the film (Pup). pBTO-5 shows more Pdown as 

grown, compared to pBTO-0.2. As the DC voltage was increased from - 8 V to +8 V, the 

domains switched their polarity in both samples. This behaviour is also observed in the 

PFM amplitude images (Figure 4.21 a).  
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Figure 4.20 PFM phase signals of pBTO-0.2 and pBTO-5 obtained at - 8 V, 0 V and 

+8 V (scale bar: 200 nm) (a) and the corresponding phase-voltage curves of pBTO-

0.2 (b) and pBTO-5 (c) acquired using SS-PFM. 

 

Figure 4.21 PFM amplitude signals of pBTO-0.2 and pBTO-5, obtained at – 8 V, 0 

V, +8 V (a) (scale bar: 200 nm) and the corresponding amplitude-voltage curves of 

pBTO-0.2 (b) and pBTO-5 (c) acquired using SS-PFM. 

Analysing the PFM phase signals in more detail (Figure 4.20 a), the switching of the 

domains appears more complete for pBTO-5 compared to pBTO-0.2. This evidence could 
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be related to the relationship between grain size and piezoresponse. According to previous 

research42,43, larger grains usually exhibit stronger piezoresponse signals compared to 

smaller grains. Therefore, as a consequence, small grains could be more difficult to switch 

in polarity, with respect to large grains. This result is also reflected in the PEC 

performance after EC poling procedure, which is discussed further in 4.2.2.5.2.  

However, it has been found that surface charging and electrostatic interaction between 

the tip and the sample can contribute to create contrast in PFM images, which can be 

unrelated to the presence of ferroelectricity44,45. Thus, as explained in Chapter 3, to 

confirm the ferroelectric behaviour of pBTO thin films, SS-PFM, which removes 

electrostatic contributions that can affect the signals measured by traditional PFM 

modes46, was performed. Figure 4.20 b,c and Figure 4.21 b,c show the PFM phase and 

amplitude hysteresis loops, respectively, acquired using SS-PFM. The phase loops show 

clear switching with a phase difference of close to 180°, as expected for BaTiO3, and the 

amplitude loops show a clear ‘butterfly’ shape. These results clearly confirm the 

ferroelectric properties of the pBTO samples of both high and low porosity. The phase 

loop is also narrower for pBTO-5 samples indicating a smaller coercive field, in 

agreement with the more complete domain switching seen in the PFM images for these 

samples. 

Therefore, it can be concluded that the PFM phase and amplitude signals obtained 

demonstrate spontaneous polarisation switching by applying an electric field in pBTO-

0.2 and pBTO-5 thin films and the SS-PFM hysteresis loops, in combination with Raman 

spectroscopy, showing the tetragonal (ferroelectric) phase and electrochemical (EC) 

poling results, that will be discussed further below, give strong evidence in support of the 

ferroelectricity of these samples. 
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4.2.2.5.2 Macroscopic poling: Electrochemical (EC) poling 

As previously reported, one of the beneficial and fascinating properties of ferroelectrics 

as photocatalysts is the ability to switch their photocurrent response via controlling the 

polarisation orientation47. Therefore, to investigate the effect of ferroelectric polarization 

on PEC response, electrochemical (EC) poling on pBTO thin films at lower (pBTO-0.2) 

and higher (pBTO-5) porosity was performed, and then J-V curves were measured after 

the poling pre-treatment. Compared to the unpoled state, the +8 V EC poling induces an 

improvement of PEC performance in both pBTO-0.2 and pBTO-5 (Figure 4.22 a,b). 

 

Figure 4.22 LSV curves of pBTO-0.2 (a) and pBTO-5 (b) obtained under chopped 

illumination in 1M NaOH before and after EC poling and relative comparison of the 

current density values obtained at 1.19 V vs RHE (c). 
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This enhancement in the photoelectrochemical response can be related to the band-

bending at the pBTO/electrolyte interface with electric field polarization. When pBTO is 

exposed to illumination, electron-hole (e--h+) pairs are generated and e- will migrate to 

the C+ surface while h+ will move on C- surface, according to the polarization direction 

where C+ and C- corresponds to the ferroelectric domains that show upward and 

downward polarization, respectively. During positive poling, the applied field in pBTO 

points towards the substrate, aligning the ferroelectric domains with polarization 

downward from the surface (C-), which in turn induces the formation of an internal 

depolarization field (Edep) that opposes the polarization direction. To obtain charge 

compensation, Edep promotes hole accumulation at the surface of pBTO, leading to 

upward band-bending. Therefore, positive poling enhances hole transfer from the 

ferroelectric surface to the electrolyte to participate in the water oxidation reaction, 

favouring the performance of pBTO as photoanodes as observed (Figure 4.23).  

However, the effect of positive poling is more evident in pBTO-5 compared to pBTO-

0.2. Indeed, at 1.19 V vs RHE, +8 V EC poled pBTO-5 shows an increment of the 

photocurrent density of about 7 µA/cm2 compared to the unpoled counterpart. On the 

other hand, the +8 V EC poling state of pBTO-0.2 shows a higher photocurrent density 

(8.6 µA/cm2 at 1.19 V vs RHE) than the unpoled state (6.8 µA/cm2 at 1.19 V vs RHE), 

but the increase of PEC response is not as significant as in pBTO-5 (Figure 4.22 c). This 

suggests that the PEC performance cannot be changed drastically using EC poling from 

the as-produced state in the pBTO-0.2 sample.  

This evidence can be correlated to the PFM results previously reported for pBTO-5 and 

pBTO-0.2 thin films. In pBTO-5 thin film, the almost complete domains switching 
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observed is reflected in a greater enhancement in the PEC performance after positive 

poling, compared to pBTO-0.2, where the smaller pores and grains of pBTO-0.2 may 

make polarisation switching more difficult.  

After -8 V EC poling, pBTO-0.2 exhibits a reduced photocurrent density (4.5 µA/cm2 at 

1.19 V vs RHE) compared to the unpoled state (6.8 µA/cm2 at 1.19 V vs RHE), as shown 

in Figure 4.22 c. Indeed, during negative poling, the applied electric field points to the 

pBTO surface, generating the formation of opposite Edep which will create electron 

accumulation at the surface of pBTO and consequently downward band-bending. This 

leads to the presence of more electrons available for the water reduction reaction but 

suppresses hole injection and therefore photocurrent under anodic bias (Figure 4.23). This 

trend in terms of PEC response is also observed in pBTO-5 which shows slightly lower 

photocurrent density after -8V EC poling (4 µA/cm2 at 1.19 V vs RHE), compared to the 

unpoled state (4.4 µA/cm2 at 1.19 V vs RHE) (Figure 4.22 c). 

 

Figure 4.23 Schematic of band-bending, which occurs at pBTO/electrolyte interfaces 

depending on the polarisation orientation. 
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In the case of pBTO-5 this decrement of photocurrent with -8 V EC poling is only slight, 

again correlating with PFM measurements, where a greater level of Pdown imprint was 

observed in the as-prepared sample, therefore less change in photocurrent would be 

expected after negative poling, as observed. 

4.3 Summary 

This chapter has outlined the development and study of nanostructured BTO thin films, 

which can be promising candidates as photoanodes for the improvement of PEC 

performance thanks to their ferroelectric polarization. Two different approaches were 

used to produce such nanostructured films. Firstly, the hydrothermal conversion of TiO2 

to BaTiO3 was investigated. However, such nanostructured BTO thin films failed to show 

a good photocatalytic performance probably due to their insufficient light absorption 

properties and poor crystallinity. Moreover, it was not possible to achieve accurate control 

of the morphological features in nanostructured BTO thin films. Therefore, a soft 

template-assisted sol-gel method, using different amounts of P123 organic sacrificial 

template, was used as second approach for the preparation of porous BTO (pBTO) thin 

films. 

For the pBTO thin films, the concentration-dependent tuning of the porosity was 

evidenced by SEM analysis and ellipsometry technique, using air and water as mediums. 

The combination of these analyses indeed demonstrated the linear dependence of the 

porosity with the amount of P123 block-copolymer. XRD analysis and Raman 

spectroscopy were performed to confirm the tetragonal phase of the pBTO thin films, 

which is responsible for the ferroelectric behaviour of BTO. In addition, using PFM, the 
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switching of spontaneous polarization in pBTO thin films was verified and it was 

observed that it appears more complete in pBTO-5 than pBTO-0.2. Owing to their 

controllable porosity, pBTO thin films resulted promising candidates as photoanodes, 

with all pBTO samples displaying enhanced photocurrent compared to a non-porous BTO 

film. It was also observed that when the quantity of P123 block copolymer was increased, 

the PEC response gradually decreased, and this evidence was related to the lower surface 

area in pBTO-5, compared to pBTO-0.2. Moreover, after performing +8 V EC poling, a 

clear improvement in the PEC performance of pBTO-5 compared to pBTO-0.2 was 

evidenced, which is in accordance with the PFM results obtained. This suggests that 

positive poling is very favourable when pBTO is used as a photoanode. 

Thus, the controlled PEC response of a porous ferroelectric film via electrochemical 

poling has been demonstrated, which opens up opportunities to tune and optimize the 

morphology of ferroelectric films for photoelectrochemical applications while still 

maintaining the advantages conferred by ferroelectric polarization. 
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5 ROLE OF OXYGEN 

VACANCIES IN THE POLING 

OF BATIO3 PHOTOANODES 

5.1 INTRODUCTION 

One of the most effective strategies recently used in a PEC water splitting system to 

improve charge separation is the tuning of internal electric field, which appear at 

semiconductor/electrolyte interface1,2. Among various materials which exploit the 

internal electric field to enhance water splitting performance, ferroelectrics can be ideal 

candidates. They possess spontaneous dipole moments without applying stress, producing 
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spontaneous polarisation which can facilitate the separation of electron-hole pairs, driving 

them towards the opposite direction3.  

As shown in the Chapter 4, the introduction of mesopores in BaTiO3 as ferroelectric 

material can generate new opportunities in photo-electrocatalysis, thanks to the inclusion 

of new functionalities in the same material4,5,6. In particular, this is due to the higher 

surface-area-to-volume ratio, as the fraction of surface atoms in mesoporous materials 

increases compared to the bulk and this affects the surface activity7. Suzuki et al. have 

also demonstrated that the presence of porosity in BaTiO3 thin films can directly introduce 

strain, which leads to the thermal stabilization of ferroelectric phase8. 

In perovskite oxide ferroelectric materials (e.g. barium titanate (BTO), potassium niobate 

(KNO), lead zirconate titanate (PZT)), oxygen vacancies are known as the most common 

mobile point defects, which considerably affect their ferroelectric behaviour due to the 

oxygen vacancies migration and redistribution9. These defects are usually created by the 

removal of an oxygen atom from the crystalline structure, which consequently remains 

charged with two extra electrons10. The formation of these oxygen vacancies can be 

associated either with treatments altering the chemical environment of perovskite oxide 

material (e.g sintering temperature11, annealing under different atmospheres12) or with the 

introduction of dopants into the perovskite lattice13. 

To study the effect of ferroelectric polarization for photocatalytic applications, different 

procedures have been reported, such as poling in an electrolyte14,15,16 or using a top 

electrode on the surface17,18,19,20. However, the possible chemical modification induced 

by electric polarization of ferroelectric materials, particularly the effect on mobile ionic 

species such as oxygen vacancies, was not considered in detail in these research works. 
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Recently, Magnan et al. reported an alternative soft poling method in electrolyte which 

involves modulated low potential to preserve the chemical composition of the sample. 

Indeed, the authors confirmed by XPS analysis that the intensity and shape of 

photoemission peaks are almost unchanged after the poling procedure, suggesting that 

this process does not alter the film. However, even if it was demonstrated that the 

ferroelectric polarisation can be reversed in these films, by applying different successive 

poling, the photocurrent values were not completely reversible using this method21. 

Thus, this chapter explores the influence of the electrochemical (EC) poling process on 

the surface oxygen vacancies concentration of porous BaTiO3 (pBTO) thin films, 

prepared in O2, air and N2 atmospheres, which are correlated to different contents of 

oxygen vacancies. The choice of porous thin films, which present an enhanced surface 

activity with respect to the bulk, can maximize the potential effect of EC poling, allowing 

the study of the pBTO surface in greatest detail. It is demonstrated that the 

photoelectrochemical response of pBTO photoanodes can still be tuned via ferroelectric 

polarisation using an EC poling procedure, provided the concentration of oxygen 

vacancies in the films is not considerably high. Interestingly, the mutual effect of 

ferroelectric polarisation and oxygen vacancies can further improve the 

photoelectrochemical performance of the porous ferroelectric films. However, in 

ferroelectric thin films with higher oxygen vacancies concentration, the higher diffusion 

of oxygen vacancies greatly influences the EC poling procedure, giving very 

unpredictable results.  
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5.2 Porous BTO thin films in different annealing conditions 

5.2.1 Morphological structure and elemental composition 

Porous BTO (pBTO) thin films were synthesized following the soft template-assisted sol-

gel method, illustrated in Chapter 4, under different annealing atmospheres (O2, air, N2), 

using the experimental procedure described in Chapter 3. The top-view SEM images, 

reported in Figure 5.1 a, confirm the porous structure of the obtained pBTO thin films 

prepared in O2, air and N2 conditions (pBTO-O2, pBTO-air, pBTO-N2). As observed in 

Figure 5.1 b, the porosity and thickness of pBTO-O2, pBTO-air and pBTO-N2, estimated 

from the top-view and cross sectional SEM images, respectively, show comparable 

values, suggesting that the use of different annealing conditions does not affect those 

parameters considerably. 
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Figure 5.1 SEM top view and cross-sectional SEM images of pBTO-5 thin films, 

prepared in different annealing atmosphere O2, air, N2 (scale bar: 500 nm) (a); 

estimation of thickness and porosity of pBTO-5 O2, pBTO-5 air, pBTO-5 N2 (b). 

Moreover, Figure 5.2 a,b,c show the EDX spectra of pBTO-O2, pBTO-air and pBTO-N2 

samples, where the high intensity peaks corresponding to the Ba, Ti, and O elements are 
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clearly observed. The presence of Si and Sn elements is also noticed due to the FTO glass 

substrate, where the pBTO thin films were deposited. In addition, even if the 

concentration of oxygen as a light element is not detected accurately by EDX analysis, 

comparing O/Ba ratio of all samples, a decrease in the oxygen content, which could be 

related to oxygen vacancies, is observed in pBTO-O2 (44.33), pBTO-air (42.51), pBTO-

N2 (38.81) (Figure 5.2 d). 

 

Figure 5.2 EDX spectra of pBTO-O2 (a), pBTO-air (b), pBTO-N2 (c) and 

corresponding O/Ba ratio detected in the films (d). 
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5.2.2 Optical properties 

The transmittance spectra of pBTO samples show band edges in the UV region at a 

wavelength of 350-380 nm (Figure 5.3). The optical bandgaps energies of pBTO-O2, 

pBTO-5 air and pBTO-N2 thin films, estimated using Tauc relation, are found to be in the 

range of 3.68 to 3.57 eV, which is in agreement with values previously reported for BTO 

thin films, synthesized by the sol-gel method (3.7 eV) )22 (Figure 5.3 inset). Sharma et. 

al. has shown that the preparation technique can create differences in the stoichiometry 

and defect distribution of the films, inducing variations in the calculated bandgap 

energies22, compared to bulk BTO samples (3.4 eV)23. As observed in Figure 5.3, the 

shifting of light absorption onset in the visible light region in pBTO-N2 leads to a decrease 

in its optical bandgap, which could be associated to sub bandgap defects created by the 

annealing in N2 atmosphere24. Moreover, it has been found that porosity in thin films can 

affect the scattering of light from the surface, leading to apparent absorption 

enhancement, which influence the measured transmittance spectra25. Consequently, the 

presence of porosity and sub bandgap defects can both mutually contribute to the 

variations in the estimated bandgap energies of the pBTO thin films. 
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Figure 5.3 Transmittance spectra of pBTO-5 O2, pBTO-5 air and pBTO-5 N2 and 

corresponding bandgap energies, estimated from Tauc plots (inset). 

5.2.3 Crystallographic structure 

XRD patterns of pBTO-O2, pBTO-air and pBTO-N2, acquired to investigate the 

crystalline phase of the samples, confirm the formation of perovskite barium titanate. 

However, comparing the XRD diffractograms obtained with the respective JCPDS card 

No. 00-066-0829 referred to BTO tetragonal (ferroelectric) phase, the peak splitting at 

2𝜗= 45° into two peaks at 2𝜗= 44.8° and 2𝜗=45.4°, corresponding to hkl Miller indices 

(002) and (200), is not clearly visible (Figure 5.4 a). This is confirmed by the high 

resolution XRD patterns, shown in Figure 5.4 b. Indeed, it has been reported that the 

polycrystalline nature of the films broadened the peak width, leading to a not clearly 

observable peak splitting26. Moreover, previous research works have demonstrated that 
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the presence of strain can stabilize the cubic (paraelectric) phase regardless of the 

tetragonal (ferroelectric) phase, which is the most thermodynamically stable at room 

temperature27,28. However, the ferroelectricity of pBTO thin films, prepared using the 

same preparation technique, was demonstrated in Chapter 4, showing PFM amplitude and 

phase signals as well as SS-PFM hysteresis loops, in combination with Raman 

spectroscopy, which confirm their tetragonal (ferroelectric) phase, and ferroelectric 

switching behaviour4.  

Moreover, analysing the XRD patterns of pBTO thin films shown in this work in more 

detail, one can note that the area ratio of (101)/(002) peaks gradually increases in pBTO-

O2 (1.09), pBTO-air (1.56) and pBTO-N2 (1.85) (Figure 5.4 b). It indicates that the pBTO-

5 thin films show increasing (001) preferred orientation when the oxygen concentration 

of annealing atmosphere drops. Therefore, this result suggests that competitive growth 

among various orientations may take place in different annealing conditions: indeed, 

previous research works have reported a similar phenomenon in other ferroelectric 

materials, sintered in N2 atmosphere12,29,30. The different orientation may be ascribed to 

the anisotropy of nucleation and growth rates in different directions when the samples are 

annealed in different atmospheres, which contributes to a change in the predominant 

orientation29. It is not clear whether this is driven directly by a difference in the 

crystallisation kinetics or chemical pathway in different atmospheres, or whether the 

increased inclusion of oxygen vacancies in N2-annealed films may slightly alter the 

relative orientation preference during crystallisation, as this was not reported in previous 

work. It would be challenging to differentiate these effects in the samples prepared in this 

thesis as they are polycrystalline films grown on non-epitaxial substrates. Therefore, a 

future study of the growth mechanisms of samples annealed in different atmospheres 
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when deposited on epitaxial substrates could be an interesting route to shed light on this 

phenomenon. 

 

Figure 5.4 XRD patterns of pBTO-O2, pBTO-air, pBTO-N2 thin films (a) and 

corresponding enlargement in the region 42-47° (b). 

5.2.4 Surface structure investigation 

To study the effect of the different annealing conditions on the surface chemistry of pBTO 

thin films, XPS analysis was carried out. Figure 5.5 shows the survey spectra of pBTO-

O2, pBTO-air and pBTO-N2, where the presence of C on the surface of all the samples 

is observed. However, the C1s signal is weaker than O1s intensity, suggesting that C 

contamination does not affect the XPS measurements significantly. 
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Figure 5.5 XPS survey spectra of pBTO thin films, prepared in different annealing 

atmosphere (O2, air, N2). 

The Ba 3d, Ti 2p and O 1s high-resolution spectra of pBTO-O2, pBTO-air and pBTO-N2 

are reported in Figure 5.6. The O1s high resolution XPS peak of pBTO films can be 

consistently fitted by two different Gaussian sub-peaks, indicated as O1s (I) and O1s (II). 

In particular, the main peak O1s (I) (529.31 eV) is attributed to the lattice oxygen ions 

(O2-), which are bonded with barium (Ba2+) and titanium (Ti4+) ions in BTO while the 

broad peak O1s (II) (530.95 eV) is associated with the oxygen ions (O2
-/O-) in a different 

environment due to the oxygen vacancies12. Comparing the O1s XPS peak of pBTO-O2, 

pBTO-air and pBTO-N2, the contribution of O1s (II) sub-peak gradually increases, 

suggesting an increment in the content of oxygen vacancies concentration, expressed in 

terms of Ovacancy/Olattice area ratio (Figure 5.6 b). Indeed, the Ovacancy/Olattice area ratio value 
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obtained for pBTO-N2 (1.49) is higher than both pBTO-air (0.50) and pBTO-O2 (0.32), 

respectively (Figure 5.6 bi, ii, iii). This evidence indicates that the annealing in oxygen-

enriched ambient induces a decrease in the oxygen vacancy content12.  

Ba 3d5/2 (I) and Ba 3d3/2 (I) peaks, which are associated with a binding energy of 778 eV 

and 793.3 eV respectively, correspond to Ba2+ state in the BaO moiety of perovskite 

BTO13. In addition, the presence of Ba 3d (II) shoulders at 779.4 eV and 794.6 eV is 

observed31. The exact attribution of these second peaks is still unclear and remains under 

debate: they have been previously correlated to Ba vacancy defects, surface BaCO3 

contamination and oxygen vacancy from the surface-layer of Ba ions. In Figure 5.6, it 

can be noted that the peak area of both 779.4 eV and 794.6 eV increases from pBTO-O2 

to pBTO-N2, suggesting that these peaks are caused by oxygen vacancies. In particular, 

it has been reported that during the generation of oxygen vacancies, the displaced O 

atoms, which are removed from the sample surface, can be trapped in the vicinity of BaO 

moiety, forming BaO2 with +2 state for Ba and -1 for O. The peak associated with a 

binding energy of 779.4 eV can be correlated to the formation of BaO2
32,33. It can be 

observed that the peak area of BaO2 gradually increases from pBTO-O2 to pBTO-N2, 

according to the oxygen vacancy content (Figure 5.6 a i, ii, iii). 

Moreover, the high-resolution spectra of Ti 2p show the presence of Ti2p3/2 (I) and Ti2p1/2 

(I) peaks, located at 457.7 eV and 464.4 eV respectively, related to Ti bonding in BTO 

perovskite structure with valency of 4+. In pBTO-air and pBTO-N2, two small Ti 2p (II) 

components are also visible due to the reduced valence state of Ti (3+), associated with 

the formation of oxygen vacancies after annealing in air and N2 conditions, in order to 

gain charge neutrality34 (Figure 5.6 c i, ii, iii). 
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Figure 5.6 Ba 3d (a), O 1s (b) and Ti 2p (c) high resolution XPS spectra, relative to 

pBTO-O2 (i), pBTO-air (ii) and pBTO-N2 (iii); LSV chop curves of pBTO-O2, 

pBTO-air, pBTO-N2 (d) and relative current density values extrapolated at 0.19 V 

vs Ag/AgCl (e). 

5.2.5 Photoelectrochemical performance 

After confirming the effect of annealing condition on the oxygen vacancies content in 

pBTO thin films, their photoelectrochemical performance under chopped illumination 

was investigated. From the current density-voltage (J-V) curves, it is possible to observe 

that pBTO-N2 shows higher photocurrent density than pBTO-air and pBTO-O2 thin films, 

respectively, suggesting that the gradual increment in the oxygen vacancies 

concentration, induced by the different atmospheres, is beneficial for the PEC 

performance of pBTO thin films (Figure 5.7 a). Considering the photocurrent values 

extrapolated at 0.19 V vs Ag/AgCl and acquired across a range of samples, this trend can 

be confirmed and it can be observed that pBTO-N2 show an enhancement of the 
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photocurrent of about 7.6 µA/cm2 and 2.3 µA/cm2 compared to pBTO-O2 and pBTO-air, 

respectively (Figure 5.7 b). The presence of oxygen vacancies may have a double-sided 

effect on the PEC performance: the oxygen vacancies can create new energy levels, which 

facilitate the electron transition from valence band to conduction band, using less 

activating energy. In addition, oxygen vacancies can act as donors, increasing the carrier 

concentration and, consequently, the photoelectrochemical response35. This result is in 

good agreement with previous research works, which have investigated the relationship 

between oxygen vacancies and PEC properties in different semiconductor materials10: 

Gan et al. have reported that oxygen vacancies, generated in In2O3 nanocubes after 

annealing, provide a more efficient charge carrier transfer process, promoting enhanced 

PEC performance33. In addition, Corby et al. have shown that the appropriate modulation 

of oxygen vacancies in nanostructured WO3 films can significantly reduce the bulk 

recombination, improving electron transport and charge separation, which maximizes the 

photocurrent response36. 

 



ROLE OF OXYGEN VACANCIES IN THE POLING OF BATIO3 PHOTOANODES 

 

159 

 

Figure 5.7 LSV chop curves of pBTO-O2, pBTO-air, pBTO-N2 (a) and relative 

current density values extrapolated at 0.19 V vs Ag/AgCl (b). 

5.2.6 Tuning of photoelectrochemical response via electrochemical poling 

To investigate the relationship between oxygen vacancies and poling process, which can 

be used to control the photocurrent response of pBTO thin films as demonstrated in 

Chapter 4, electrochemical (EC) poling was carried out on pBTO-O2, pBTO-air and 

pBTO-N2 thin films and the current density-voltage (J-V) and chronoamperometry (J-t) 

curves after this poling pretreatment were measured. Thus, to study the effect of 

ferroelectric polarization on the PEC response of pBTO thin films, J-t curves under 

chopped light illumination at 1.23 V vs RHE (oxidation potential of water), before and 

after EC poling were measured. The chronoamperometry curves show that the +8 V EC 

poling leads to an enhancement of the PEC performance in pBTO-O2, pBTO-air and 

pBTO-N2 thin films, compared to their unpoled states (Figure 5.8 a,b). These results are 

also consistent with the J-V curves of pBTO-O2, pBTO-air and pBTO-N2 samples, 

reported in Figure 5.9 a,b. 
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Figure 5.8 Chronoamperometry curves of pBTO-O2 (a), pBTO-air (b), pBTO-N2 (c), 

acquired in the upoled, +8 V and -8 V poled states under chopped illumination. 
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Figure 5.9 LSV curves under chopped illumination of pBTO-O2 (a), pBTO-air (b) 

and pBTO-N2 (c) after +8 V, -8 V EC poling and relative unpoled counterpart. 

As reported in Chapter 4, this improvement in the photoelectrochemical response can be 

attributed to the band-bending at pBTO/electrolyte interface, induced by electric field 

polarization. When pBTO thin films are positively poled, the applied field in pBTO, 
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pointing towards FTO glass substrate, induces the alignment of ferroelectric domains with 

polarization downward from the pBTO/electrolyte interface, which in turn generates an 

internal depolarization field (Edep), opposing the polarization direction. To gain charge 

compensation, this Edep favours hole accumulation at pBTO/electrolyte interface, as 

shown in Figure 5.10 a (positive poling). As consequence, it increases the upward band-

bending, producing a wider space charge region at the pBTO/electrolyte interface. 

Considering the favorable band-bending the photogenerated electron-hole (e--h+) pairs 

will be separated more effectively in pBTO thin films, improving consequently the 

photoelectrochemical performance. Therefore, it can be noticed that positive poling 

enhances hole transfer from the surface of pBTO to the electrolyte to participate in the 

water oxidation reaction, promoting the use of pBTO as photoanodes as noticed from J-

V and J-t results.  

On the contrary, after -8 V EC poling, the J-t curves of pBTO-O2 and pBTO-air show a 

decrement in the photocurrent density compared to their unpoled states (Figure 5.8 a,b), 

which is in agreement with the relative J-V measurements results, shown in Figure 5.9 

a,b. Indeed, when pBTO thin films are negatively poled, the macroscopic ferroelectric 

polarization, generated by the applied electric field, pointing to pBTO surface, induces 

the formation of opposite Edep, which will lead to electron accumulation at the surface of 

pBTO and consequently downward band-bending. This downward band-bending at 

pBTO/electrolyte interface and upward band-bending at pBTO/FTO interface will 

suppress the transfer of photogenerated electrons to FTO substrate and photogenerated 

holes to the electrolyte, which is against the water oxidation reaction and consequently 

reduces the photoelectrochemical response (Figure 5.10 b, negative poling).  
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Figure 5.10 Schematic of band-bending at pBTO/electrolyte interface, after positive 

poling (e) and negative poling (f). 

However, the pBTO-N2 thin film does not show the same trend after -8V EC poling, as 

reported in Figure 5.8 c and Figure 5.9 c. Considering the PEC response of pBTO-O2, 

pBTO-air and pBTO-N2, extrapolated at 0.19 V vs Ag/AgCl and obtained across a range 

of samples, this result can be seen more clearly (Figure 5.11): on one hand, within error, 

there is effectively no change in the photocurrent values of pBTO-N2 sample before and 

after EC poling. On the other hand, pBTO-O2 and pBTO-air samples show a consistent 

increment/decrement of PEC performance after +/-8 V EC poling. However, the effect of 

positive poling is more pronounced in pBTO-air compared to pBTO-O2. Indeed, at 0.19 

V vs Ag/AgCl, an enhancement of the photocurrent density of about 10.3 µA/cm2 

compared to the unpoled counterpart is observed in pBTO-air sample. pBTO-O2 shows 

higher photocurrent density (4.8 µA/cm2) than the unpoled state (3.2 µA/cm2) but the 

PEC performance improvement due to ferroelectric polarization is not as substantial as in 

pBTO-air thin film. According to the XPS results reported in Figure 5.6, this evidence 

suggests that a mutual effect between the interface charges arising at pBTO/electrolyte 
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interface from ferroelectric polarization and the higher content of oxygen vacancies may 

greatly enhance the photoelectrochemical response in pBTO-air compared to pBTO-O2. 

Indeed, it has been previously reported that the combination of ferroelectric polarization 

and oxygen vacancies improves the PV response in BiFeO3 thin films37. On the other 

hand, the as-described PEC trend is not clearly observed in pBTO-N2 and this result could 

be related to a more significant alteration in the oxygen vacancies content after EC poling 

procedure compared to the pBTO-O2 and pBTO-air samples, where the oxygen vacancies 

concentration is lower, as detected from XPS analysis. Indeed, the high concentration of 

oxygen vacancies in pBTO-N2 films confirmed by XPS analysis may have a significant 

impact on the control of PEC response via EC poling, producing unpredictable results34. 

As previously shown in Figure 5.9 c, the photocurrent values of pBTO-N2 does not 

effectively change before and after EC poling, compared to pBTO-O2 and pBTO-air 

samples. 
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Figure 5.11 Comparison between photocurrent density values of pBTO-O2, pBTO-

air and pBTO-N2, obtained before and after poling at 0.19 V vs Ag/AgCl. 

5.2.7 Influence of electrochemical poling on porous BTO films 

Therefore, to study the effect of the poling pretreatment on pBTO films, their chemical 

composition after EC poling was investigated using XPS analysis. The XPS results are 

summarized in Table 5.1 and Figure 5.12, where the variation of surface oxygen 

vacancies detected in pBTO-O2, pBTO-air and pBTO-N2 after positive and negative 

poling is clearly observed.  

Table 5.1 Comparison between Ovacancy/Olattice area ratio values of pBTO-O2, pBTO-

air and pBTO-N2, determined from XPS analysis for the unpoled, positive poled and 

negative poled state. 

Peaks 
Ovacancy/Olattice 

(area ratio)  

 
+8 V unpoled - 8 V 

pBTO-O
2
 0.34 0.32 0.32 

pBTO-air 0.71 0.50 0.55 

pBTO-N
2
 1.37 1.49 0.52 
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Figure 5.12 Bar graph showing Ovacancy/Olattice area ratio values of pBTO-O2, pBTO-

air and pBTO-N2, before and after poling. 

As observed from the high resolution XPS spectra shown in Figure 5.13 a,b, the shape of 

O1s photoemission peaks in both pBTO-O2 and pBTO-air is almost unchanged after +/- 

8 V EC poling, suggesting that the EC poling procedure does not alter the surface 

composition of the films. Moreover, the pBTO-O2 film does not show a significant 

modification of the Ovacancy/Olattice area ratio value before (0.32) and after +8 V (0.34) and 

-8 V (0.32) EC poling, indicating that the poling pretreatment does not affect the mobility 

and content of oxygen vacancies in this film (Figure 5.13 a). On the other hand, in pBTO-

air sample the Ovacancy/Olattice area ratio value estimated is slightly higher after +8 V EC 

poling (0.71) compared to the unpoled counterpart while it remains almost unchanged 

after -8 V EC poling (0.55) (Figure 5.13 b). This result can be explained considering the 

possible oxygen vacancies migration within the BTO layer: when pBTO-air sample is 

positively poled, the positively charged oxygen vacancies will also experience the driving 

force from the Edep and thus, they may migrate toward the sample surface, superimposing 

their contribution on the accumulated holes derived from ferroelectric polarization. This 
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leads to a much wider space charge region at pBTO/electrolyte interface, where the 

photogenerated electron-hole pairs can be more effectively separated, generating 

consequently markedly enhanced PEC response. This evidence can be correlated to the 

PEC results previously shown for pBTO-O2 and pBTO-air samples. In pBTO-air, the 

higher Ovacancy/Olattice area ratio value after +8 V EC poling, due to possible oxygen 

vacancies migration, is reflected in a greater increment of PEC response after +8 V EC 

poling, compared to pBTO-O2, where the improvement of the PEC performance mainly 

arises from ferroelectric polarization as the oxygen vacancies concentration is lower. 

Thus, the effect of the oxygen vacancies migration can be associated to the enhancement 

of PEC performance in pBTO-air. On the contrary, when pBTO-air sample is negatively 

poled, it may be expected that the oxygen vacancies will move away from the sample 

surface, according to the driving force from the Edep. However, there are probably already 

less oxygen vacancies at pBTO-air sample surface as-prepared, thus they don’t diffuse 

away from the sample surface during negative poling. Indeed, pBTO-air sample shows 

almost comparable Ovacancy/Olattice area ratio values before (0.50) and after -8 V EC poling 

(0.55), which is in agreement with the PEC performance after negative poling, as 

previously reported. As evidenced previously, the Ovacancy/Olattice area ratio value is also 

unchanged after negative poling in pBTO-O2, with respect to the unpoled counterpart. 
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Figure 5.13 O1s high-resolution scans of pBTO-O2 (a), pBTO-air (b), pBTO-N2 (c) 

after +8 V poling (i), -8 V poling (iii) and in the unpoled state (ii) and relative 

Ovacancy/Olattice area ratio values obtained, summarized in the table (d) and in the bar 

graph (e). 

However, a change in the shape of O1s peaks of pBTO-N2 sample is appreciable, and in 

particular the O1s (II) peak area referred to the oxygen vacancies is more significantly 

affected by the EC poling procedure compared to both pBTO-air and pBTO-O2 samples 

(Figure 5.13 c). Specifically, in pBTO-N2 film, the Ovacancy/Olattice area ratio value 

obtained after +8 V EC poling is slightly lower (1.37), compared to the corresponding 

unpoled state (1.49). As discussed above for pBTO-air sample, it may be expected that 

the positive poling induces the migration of the oxygen vacancies to the sample surface. 

However, based on the contrary argument presented for pBTO-air, there are already more 

oxygen vacancies at the surface of pBTO-N2 as-made, thus they do not move towards the 

sample surface during +8 V EC poling. On the other hand, according to the discussion 

above, in the case of negative poling, the oxygen vacancies may migrate from the sample 
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surface toward the FTO substrate, consequently reducing the concentration of oxygen 

vacancies present at the pBTO/electrolyte interface. This is clearly confirmed by XPS 

analysis of pBTO-N2 films, where the Ovacancy/Olattice area ratio value detected is 

considerably decreased after -8 V EC poling (0.52) compared to the relative unpoled state 

(1.49). The migration of surface oxygen vacancies in pBTO-N2 sample can also explain 

the slight change in the photocurrent response after both types of EC poling, as shown in 

Figure 5.8c and Figure 5.9c. However, considering the PEC performance of pBTO-N2 

measured across a range of samples (Figure 5.11), no variation in the photocurrent density 

is observed within error after EC poling compared to the unpoled state. 

Thus, it can be concluded from XPS and PEC results that the EC process in pBTO-N2 

sample leads to oxygen vacancy migration, which limits the ability to control these films 

via ferroelectric polarisation.  

5.3 Summary 

The present chapter investigated the effect of EC poling pre-treatment on porous BaTiO3 

thin films, prepared by soft template-assisted sol-gel method in different atmospheres (O2, 

air and N2).  

The annealing of pBTO thin films in O2, air and N2 conditions induced an increase of 

oxygen vacancies content from pBTO-O2 to pBTO-N2 sample. This was verified by the 

combination of UV-vis spectroscopy, XPS analysis and PEC testing. SEM and EDX 

analysis were performed to confirm the porous structure and the elemental composition 

of pBTO-O2, pBTO-air and pBTO-N2 thin films. The formation of perovskite BaTiO3 

structure was verified by XRD analysis. Owing to the promising ferroelectric properties 
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of pBTO thin films for photoelectrochemical applications, an EC poling procedure was 

performed on pBTO thin films to control their PEC response via ferroelectric polarisation. 

The +8 V EC poling of pBTO-O2 and pBTO-air samples induced a clear enhancement in 

the PEC response of those films, compared to the -8 V EC poling. This indicates that the 

positive poling is very favourable when pBTO is used as a photoanode. However, the 

improvement in the PEC performance was more significant in pBTO-air compared to 

pBTO-O2 sample. Indeed, the cooperative effect between the interface charges derived 

from the ferroelectric polarisation and the surface oxygen vacancies enhances greatly the 

PEC response in pBTO-air compared to pBTO-O2, as confirmed by XPS and PEC 

analysis. On the other hand, the PEC trend of pBTO-N2 films obtained after EC poling 

was not as clear as in pBTO-O2 and pBTO-air films. This evidence in combination with 

the XPS results suggests that the high concentration of oxygen vacancies induces their 

enhanced migration within the pBTO-N2 sample, which limits the ability of these films 

to be controlled via poling. Indeed, as previously reported, the high diffusion of oxygen 

vacancies has a large influence on the sample instability: it was found that the state after 

removing the poling field in ferroelectric materials with higher oxygen vacancies 

concentration was unstable, considering that the hopping electrons could recombine with 

the oxygen vacancies38.  

Thus, it was demonstrated that the EC poling process can still be adopted to control the 

PEC response in a porous ferroelectric thin film with low and intermediate concentrations 

of oxygen vacancies, without affecting their chemical states. In particular, the synergic 

effect of ferroelectric polarisation and oxygen vacancies may be beneficial for the 

enhancement of PEC performance due to the increase in carrier concentration caused by 

Vo combined with enhanced separation due to the polarisation. However, an excess of 
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oxygen vacancies may trap the photogenerated electrons and thus they can act as 

recombination centers. This study opens the route for further enhancing the PEC response 

based on defect engineering using oxygen vacancies in nanostructured ferroelectric thin 

films. However, when the concentration of oxygen vacancies is higher, the EC poling 

procedure could be difficult to control in the porous ferroelectric films leading to very 

unpredictable results. 
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6 FERROELECTRIC-

PHOTOCATALYST 

NANOCOMPOSITE FILMS 

6.1 Introduction 

Photoelectrochemical (PEC) systems based on semiconductors are one of the most 

attractive solutions adopted for the production of clean energy due to their potential high 

efficiency and simplicity. However, the development of highly efficient and stable 

photocatalytic materials is still quite challenging.  

Many research studies focused on various n-type semiconductor photoanodes, such as 

TiO2, WO3, and Fe2O3, have been reported, aiming to achieve a high PEC response1–3. 
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Among them, Fe2O3, a highly Earth-abundant and low-cost material, has a narrow optical 

band gap (Eg= 2.2 eV), environmental consistency and excellent chemical stability4–6. 

Consequently, this material, also well-known by its mineral name hematite, is one of the 

most promising candidates for the fabrication of robust and efficient PEC systems. 

However, the application of Fe2O3-based photoanodes in photoelectrocatalysis is 

hampered by its poor charge transfer, short hole-diffusion length and low conductivity7. 

Different strategies have been adopted to improve the PEC performance of hematite, 

including nanostructuring8, element doping9 and cocatalyst loading10. Nevertheless, PEC 

systems based on Fe2O3-photoanodes used for hydrogen production show efficiencies that 

are still much lower than the theoretical limit. Thus, alternative approaches for the 

enhancement of the efficiencies in Fe2O3-based PEC systems need to be explored. 

In this context, UV light and visible light absorbing ferroelectric materials, such as SrTiO3 

(3.25 eV), BaTiO3 (3.2 eV), PbTiO3 (3.18 eV), and BiFeO3 (2.4 eV), have been recently 

exploited as PEC photoanodes thanks to their spontaneous polarization effect11–13. Indeed, 

as demonstrated in Chapter 4 and Chapter 5 for ferroelectric BaTiO3 thin films, the 

ferroelectric polarisation can induce the migration of photogenerated electron-hole pairs 

towards opposite directions, leading to their fast separation, which is responsible for an 

enhancement of the PEC response. Owing to the beneficial properties of ferroelectric 

materials, they have been also used in ferroelectric/photocatalyst heterostructures, aiming 

to reach a further PEC improvement14. For example, it has been reported that a 

BiVO4/BiFeO3 composite photoanodes shows a photocurrent density ∼4 times higher 

than the bare BiVO4, accompanied by a negative shift in the onset potential of ∼400 mV15. 

Here, the coating of BiFeO3 on BiVO4 by surface passivation has a bifunctional effect: it 
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significantly boosts the PEC performance due to ferroelectric polarization of BiFeO3, 

which improves charge separation and transfer as well as it acts as passivation layer which 

reduces self-photocorrosion of the film. Yang et al. showed that TiO2/BaTiO3 core/shell 

nanowires (NWs) have a photocurrent density, which is 67 % higher than that of the bare 

TiO2 NWs16. The BTO enhances separation of the charges that are photogenerated in the 

TiO2 by absorption of UV light. Moreover, a Fe2O3/PZT photoanode exhibited a 

remarkable enhancement in the photocurrent density, reaching a value of 1 mA/cm2 at 

1.23 V vs RHE, which was 10 times that of the bare Fe2O3 film
17. More examples of 

ferroelectric/photocatalyst heterostructures have been previously detailed in Chapter 2. 

However, only a small number of studies have been reported on ferroelectric 

semiconductors and Fe2O3-based heterostructures. 

Thus, this chapter discusses the beneficial effect derived by the combination of 

ferroelectric BaTiO3 with photocatalyst Fe2O3 for the enhancement of PEC activity. In 

particular, a Fe2O3/BTO composite photoanode was successfully obtained by 

hydrothermal growth of Fe2O3 within the pores and on the surface of porous BTO thin 

films, which were prepared and studied in more detail in Chapter 4 and Chapter 5. The 

morphology, optical and crystalline properties, elemental composition and 

photoelectrochemical performance of Fe2O3/BTO thin films are investigated. A 

significant enhancement in the PEC response and charge transfer of Fe2O3/BTO 

composite film was demonstrated compared to both bare Fe2O3 and BTO thin films, 

which is correlated to the ferroelectricity of BTO. More importantly, it was proven that 

the photoelectrochemical performance can still be easily and effectively regulated by 

controlling the ferroelectric polarization orientation in BTO thin films using 
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electrochemical poling pretreatment, which did not significantly alter the film chemistry, 

as confirmed by XPS results.  

This study suggests that when Fe2O3 is combined with BTO, hematite can potentially 

maximize its capabilities through the enhancement of its PEC performance and the charge 

separation and transport properties simultaneously. 

6.1.1 Combination of ferroelectric BaTiO3 with photocatalyst Fe2O3 

Fe2O3 nanorods were grown on BaTiO3 thin films by hydrothermal method, using the 

experimental procedure detailed in Chapter 3 (Figure 6.1). Indeed, considering that 

BaTiO3 is a UV light absorber material, the combination of BaTiO3 with Fe2O3 

(Fe2O3/pBTO-5) offers the opportunity to exploit the beneficial properties of both 

materials: the enhanced spatial charge separation induced by ferroelectric BaTiO3 and the 

visible light absorption and good photochemical stability of Fe2O3 as photocatalyst. For 

the formation of this non-ferroelectric/ferroelectric heterostructure, pBTO-5 has been 

used as ferroelectric material because its larger pores are more suitable for the integration 

with the Fe2O3 photocatalyst. Hematite was grown by Qian Guo, a PhD student from Ana 

Sobrido’s research group, in the shape of nanorods because, thanks to their high aspect 

ratios and large surface areas, they can improve charge carrier separation, consequently 

maximizing the photoelectrochemical (PEC) performance4 of the composite film. 
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Figure 6.1 Schematic on the combination of ferroelectric BaTiO3 with Fe2O3 as 

photocatalyst (Fe2O3/pBTO-5). 

6.1.1.1 Morphological structure and elemental analysis 

The morphologies of pBTO-5, Fe2O3/pBTO-5 and Fe2O3 thin films, investigated by SEM 

analysis, are reported in Figure 6.2. The porous structure of pBTO-5 thin film, shown in 

Figure 6.2 a, is in agreement with the results detailed in Chapter 3. The bare Fe2O3 

photoanode exhibit randomly aligned nanorods grown on FTO substrate with diameters 

of 90-100 nm, as shown in Figure 6.2 b. After hydrothermal growth of Fe2O3 on pBTO-

5 films, hematite nanorods in Fe2O3/pBTO-5 sample appear to be straighter than the ones 

in the bare Fe2O3 thin film, accompanied by a decrease in the diameter of the nanorods 

(50-70 nm) (Figure 6.2 c). This is likely related to the confinement effect from the pBTO 

underlayer, which is similar to the function of SiO2 in the fabrication of mesoporous 

Fe2O3 reported by Sivula et al.18. This observation is also in agreement with previously 

reported hematite photoanodes using underlayers19,20. The average thickness of the 

hematite layer above pBTO-5 is ~ 145 nm, as observed from the cross-sectional SEM 

image of a different Fe2O3/pBTO-5 sample, prepared in the same experimental conditions 

(Figure 6.2 d). 
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Figure 6.2 Top view SEM image of (a) pBTO-5, (b) Fe2O3, (c) Fe2O3/pBTO-5 and 

corresponding cross-section (d) (scale bar: 500 nm). 

The presence of Ba, Ti, O, Fe was confirmed by EDX analysis, indicating the successful 

growth of Fe2O3 on pBTO-5 thin films. The elemental maps of O, Fe, Ti, Ba have the 

same spatial distribution which indicates a uniform distribution of elements in the 

synthesized Fe2O3/pBTO-5 films at the micron length scale, and thus complete 

filling/coverage of the pBTO film by Fe2O3. Moreover, the presence of Sn and Si 

elements is observed, which is due to the FTO glass substrate where the films are 
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deposited (Figure 6.3 a). The elemental content is also observed from the EDX spectrum 

of Fe2O3/pBTO-5 thin films (Figure 6.3 b,c). 

 

Figure 6.3 SEM micrograph of Fe2O3/pBTO-5 thin film and the EDX mapping 

pattern of the element distribution: Ba, Ti, O, Fe, Sn, Si (a); the EDX spectrum of 



FERROELECTRIC-PHOTOCATALYST NANOCOMPOSITE FILMS 

 

184 

 

Fe2O3/pBTO-5 (b) and the relative elemental quantification in weight (%) (c) (scale 

bar: 5 µm). 

6.1.1.2 Crystalline phase 

To investigate the crystalline phase of Fe2O3/pBTO-5 thin film, XRD analysis was 

performed. Comparing the XRD pattern of Fe2O3/pBTO-5 with that of both bare Fe2O3 

and BaTiO3 thin films, the characteristic XRD peaks belonging to α-phase Fe2O3 (JCPDS 

No. 33-0664) are detected in the composite film. However, only the (202) peak can clearly 

be ascribed to α-phase Fe2O3. The rest of the XRD peaks belonging to α-phase Fe2O3 

[(104), (214)] may be present, but overlap with the XRD peaks from the FTO glass 

substrate therefore cannot be unequivocally assigned to α-phase Fe2O3. Thus, the 

formation of Fe2O3 on pBTO can be confirmed using XRD analysis, but the preferred 

orientation cannot be confirmed due to overlap with substrate peaks. Moreover, the XRD 

peaks referred to crystalline BaTiO3 are clearly observed, even if it is difficult to 

discriminate between the cubic (paraelectric) and the tetragonal (ferroelectric) phases 

using XRD, as discussed in more detail in Chapter 4 and Chapter 5. Beside the XRD 

peaks corresponding to Fe2O3 and BaTiO3, the presence of XRD peaks of FTO glass, used 

as substrate for the films' deposition, can be noted (Figure 6.4). 
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Figure 6.4 XRD patterns of Fe2O3/pBTO-5, bare Fe2O3 and pBTO-5 thin films. 

6.1.1.3 Optical properties 

The absorption spectra of Fe2O3/pBTO-5 and bare Fe2O3 thin films show an absorption 

onset from ~600 nm to ~400 nm, which is in agreement with previous research works21,19 

(Figure 6.5). However, the absorbance intensity of the composite Fe2O3/pBTO-5 thin film 

is higher in the UV region than that of the bare Fe2O3 sample. This could be correlated to 

the presence of BTO, which shows an absorption edge in the UV region, as previously 

reported in Chapter 4 and Chapter 5. Besides the contribution of the BTO layer, it can be 

possibly explained considering that the presence of multiple interfaces in the composite 

Fe2O3/pBTO-5 thin film can increase the light scattering, which leads to an enhancement 

of light absorption22. The direct bandgap energies of Fe2O3/pBTO-5 and bare Fe2O3 
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estimated from the Tauc plots are 2.15 and 2.17 e V respectively, which are in agreement 

with values reported by previous research work23,24 (inset of Figure 6.5). The slight 

variation between the estimated bandgap energy values of Fe2O3/pBTO-5 and bare Fe2O3 

thin films could be attributed to scattering effects which can arise in the composite 

ferroelectric/photocatalyst film due to multiple interfaces. 

The inset of Figure 6.5 shows the corresponding pictures of Fe2O3/pBTO-5 and bare 

Fe2O3 samples, confirming that the colour intensity and transparency of the two films are 

quite similar. 

 

Figure 6.5 UV-vis absorption spectra of composite Fe2O3/pBTO-5 and bare Fe2O3 

thin films; Insets: Tauc plots of the Fe2O3/p BTO-5 and Fe2O3 samples and photos 

of the corresponding Fe2O3/pBTO-5 and bare Fe2O3 films. 
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6.1.1.4 Photoelectrochemical (PEC) performance 

Linear sweep voltammetry (LSV) measurements were performed to investigate the effect 

of combining Fe2O3 with BaTiO3 photoanode on the overall PEC performance of the 

composite ferroelectric/photocatalyst thin film. 

The photoresponse of pBTO-5 shows a maximum photocurrent of 14.4 µA/cm2, which is 

considerably lower than both bare Fe2O3 (181.6 µA/cm2) and Fe2O3/pBTO-5 thin films 

(383 µA/cm2) (Figure 6.6 b,c). This is ascribed to the sluggish oxygen evolution reaction 

(OER) kinetics, UV light absorption and low conductivity of BaTiO3, which depends on 

the oxygen vacancy concentration. Comparing the LSV light and chopped curves of the 

composite film with the bare Fe2O3, it is possible to see a clear increment in the PEC 

performance in the composite film, as shown in Figure 6.6 b and c. In particular, upon 

sweeping the potential from 0.7 V to 1.623 V vs RHE to probe the photocurrent onset and 

trend with increasing potential, the composite film shows an onset of water oxidation 

photocurrent at 1.011 V vs RHE and a maximum photocurrent of 383 µA/cm2, which is 

two times higher than bare Fe2O3. The choice of the voltage ranges depends on the 

reference electrode and the pH of the electrolyte solution used as well as the conductivity 

type (n or p) of the semiconductor material. In the case of pBTO/Fe2O3, below 0.7 V vs 

RHE cathodic current begins to occur, which can damage the sample, and this voltage 

range allows both the onset potential and photocurrent at and above the water oxidation 

potential (1.23 V vs RHE) to be observed. This enhancement in the PEC response can be 

correlated to the presence of BaTiO3. Indeed, the combination of pBTO-5 with Fe2O3 

sample can move the energy band of the Fe2O3 upward and widen its depletion region, 

promoting the movement of the photogenerated holes from the Fe2O3 layer to the 

electrolyte.  
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It is also possible to observe a slight anodic shift of the photocurrent onset in the 

composite film compared to the bare Fe2O3 sample (0.988 V vs RHE). This anodic shift 

indicates a slightly inferior water oxidation kinetics compared to bare Fe2O3, which could 

be due to possible surface trapping states resulting from the confinement effect from the 

pBTO underlayer18, i.e. the restricted growth of the Fe2O3 within the BTO pores could 

lead to an increase of surface traps. The presence of these surface trap states, which can 

lead to carrier recombination, is a critical factor that influences the photocurrent onset 

potential of Fe2O3 as photoanode. 
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Figure 6.6 LSV curves of Fe2O3/pBTO-5 (a); comparison between chopped (b) and 

light (c) LSV curves of Fe2O3/pBTO-5, Fe2O3, pBTO-5 samples. 

The chronoamperometry (J-t) curves of Fe2O3/pBTO-5, Fe2O3, pBTO-5 samples at 1.27 

V vs RHE are analysed to investigate the PEC performance improvement and the 

repetitive light response of the ferroelectric/photocatalyst thin film. As shown in Figure 
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6.7 a, the Fe2O3/pBTO-5 photoanode exhibits an enhanced PEC response compared to 

both bare Fe2O3 and pBTO-5 samples, which is consistent with the above LSV 

measurements. The J-t curve was also used to study the stability of Fe2O3/pBTO-5 

photoanode. Figure 6.7 b shows that there is not a significant loss of the photocurrents 

during the test for 1 h after initial stabilisation, indicating good stability of Fe2O3/pBTO-

5 thin film as photoanode under full sunlight illumination. Thus, both LSV and 

chronoamperometry results demonstrate that the combination of ferroelectric BaTiO3 

with photocatalyst Fe2O3 improves the separation of photogenerated charges, maintaining 

a repetitive light response and longer-term stability. 
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Figure 6.7 Chronoamperometry measurements of Fe2O3/pBTO-5, Fe2O3, pBTO-5 

under chopped illumination over 100 s (a); Stability test of Fe2O3/pBTO-5 thin film 

under illumination at 1.2 V vs RHE for 1 h (b). 
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In addition to its increased performance compared to bare Fe2O3, obvious transient 

photocurrent peaks are observed in the chopped light chronoamperometry curves of 

Fe2O3/pBTO-5 when the light is turned on and off. It has been previously reported that 

such peaks are related to a variation in the rates of carrier extraction at the semiconductor 

interface25,26. To investigate this in more detail, the PEC performance of Fe2O3/pBTO-5 

thin film was measured after adding a typical hole-scavenger, H2O2, into the electrolyte 

solution. H2O2 is an ideal hole scavenger because of its much higher rate constant for 

oxidation than water (10 to 100 times), accompanied by a relatively negative reduction 

potential than that of water (E0 = +0.68 V vs RHE for the O2/H2O2 couple, instead of E0 

= +1.23 V vs RHE for the O2/H2O couple)26. Indeed, it is known that the 4-hole oxidation 

of water to molecular oxygen has sluggish kinetics, because an excess of photoexcited 

holes are generated over the rate of extraction to complete the electrochemical reaction27. 

The electrochemical current obtained with H2O2 is mostly a product of the following 

reactions: 

𝐻2𝑂2 + 2𝐻
+ + 𝑒− → 𝑂𝐻− + 𝑂𝐻∗ + 2𝐻+ → 2𝐻2𝑂 + ℎ

+ 6.1 

𝐻2𝑂2 + 2ℎ
+ → 2𝐻+ + 𝑂2 6.2 

Equation 6.1 leads to a rise of the cathodic dark current as well as inducing photocurrent 

enhancement for electron injection with some p-type semiconductors. On the other hand, 

equation 6.2 generally gives rise to anodic dark current and photocurrents with n-type 

semiconductors. Thus, the addition of a hole scavenger can facilitate the reaction of the 

accumulated holes at the electrode/electrolyte interface, reducing back electron-hole 

recombination considerably. Figure 6.8 a,b shows the chopped and light LSV curves of 

Fe2O3/pBTO-5, tested using two different electrolytes: 1 M NaOH and 1M NaOH + 0.5 
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M H2O2. As illustrated in Figure 6.8 b, the introduction of H2O2 to the electrolyte changes 

the onset potential of the photocurrent to 0.75 V vs RHE. Moreover, a drastic reduction 

of the transient photocurrents associated with the non-equilibrium extraction of holes and 

electrons is observed upon the addition of H2O2 and a significant increment in the PEC 

response is recorded (512 µA/cm2 at 1.27 V vs RHE) compared to the corresponding 

measurements in the electrolyte solution without a hole-scavenger (141 µA/cm2 at 1.27 

V vs RHE). Thus, the results obtained demonstrate that the generation of transient 

photocurrents can be suppressed after addition of a hole scavenger. The latter can offer 

an alternative oxidation pathway with faster kinetics, promoting the reaction of 

accumulated holes at the electrode/electrolyte interface and consequently avoiding back 

electron-hole recombination. This demonstrates that the PEC performance of 

Fe2O3/pBTO-5 photoanode could be further enhanced, for example by combination with 

a co-catalyst. Moreover, the LSV curves of the bare Fe2O3 sample under light and 

chopped illumination are measured in 1 M NaOH and 1 M NaOH + 0.5 M H2O2 

electrolytes as comparison. Also in this case, after addition of H2O2 as hole scavenger, 

the PEC performance of the bare Fe2O3 is improved (188 µA/cm2 at 1.27 V vs RHE) 

compared to the measurements without hole-scavenger (97 µA/cm2 at 1.27 V vs RHE), 

as shown in Figure 6.8 c,d.  
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Figure 6.8 LSV curves under chopped illumination and illumination for 

Fe2O3/pBTO-5 (a,b) and Fe2O3 photoanode (c,d) with and without hole scavenger 

(H2O2). 

However, the composite Fe2O3/pBTO-5 film shows a much better PEC response 

compared to the bare Fe2O3 sample upon addition of H2O2 and this gives strong evidence 

that ultimately a large enhancement in the PEC performance can be gained in the 

composite film (Figure 6.9). 
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Figure 6.9 Comparison between LSV curves of Fe2O3/pBTO-5 and Fe2O3 sample 

under chopped illumination with hole scavenger (H2O2). 

Moreover, to further investigate the beneficial effect on the PEC performance derived by 

the combination of the ferroelectric BaTiO3 with the photocatalyst Fe2O3, the charge 

transfer properties are analysed. The charge injection efficiency and the charge separation 

efficiency were calculated using the following equations: 

𝑱𝑯𝟐𝑶 =  𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 × 𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏  ×  𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒊𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏 6.3 

Assuming that the charge injection yield is 100 % (Pcharge injection = 1) in the presence of a 

hole scavenger (H2O2), the equation 6.3 can be expressed as follow: 

𝑱𝑯𝟐𝑶𝟐  = 𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 × 𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 6.4 

Based on equations 6.3 and 6.4:  
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𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒊𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏 
= 
𝑱𝑯𝟐𝑶

𝑱𝑯𝟐𝑶𝟐
  

6.5 

𝑷𝒄𝒉𝒂𝒓𝒈𝒆 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 
= 

𝑱𝑯𝟐𝑶𝟐
𝑱𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅

 
6.6 

Additional details about equations 6.3-6.6 are reported in Chapter 328,17. Figure 6.10 a 

shows that the charge injection efficiency (%) is significantly improved in Fe2O3/pBTO-

5, reaching a maximum value of 51 % at 1.6 V vs RHE compared to bare Fe2O3 and 

pBTO-5 thin films. This suggests that the combination of Fe2O3 with BaTiO3 can 

facilitate charge injection between the Fe2O3/electrolyte interface. In addition, the charge 

separation efficiency of Fe2O3/pBTO-5 (56 % at 1.6 V vs RHE) is considerably higher 

than that of bare Fe2O3 (27 % at 1.6 V vs RHE) and pBTO-5 (16 % at 1.6 V vs RHE), 

suggesting that in the composite film the presence of ferroelectric BaTiO3 could enhance 

charge transfer from Fe2O3 to its surface, leading to a reduction in electron-hole 

recombination (Figure 6.10 b). 
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Figure 6.10 Charge injection efficiency (a) and charge separation efficiency (b) of 

Fe2O3/pBTO-5, Fe2O3 and pBTO-5 thin films.  

6.1.1.5 Energy conversion efficiency of ferroelectric/photocatalyst film 

To further understand the enhancement of PEC performance in Fe2O3/pBTO-5 thin films, 

the photon-to-current conversion efficiency was measured using IPCE. The IPCE 

measurements were conducted on different Fe2O3/pBTO-5 and Fe2O3 thin films from 

those used to obtain the above results, but which were prepared in the same experimental 

conditions. The measurement and calculation details of IPCE for both Fe2O3/pBTO-5 and 

bare Fe2O3, reported in Chapter 3, were performed by Chloe Forrester, a PhD student 

from Joe Briscoe’s research group. The results obtained confirm the conversion from 

adsorbed photons with different energies to photocurrents. As shown in Figure 6.11, 

higher IPCE values in both UV and visible region are obtained for the composite 

Fe2O3/pBTO-5 film at 1.23 V vs RHE (peak value is ~ 4.5 %) compared to the bare Fe2O3 

sample (peak value ~ 1.4 %). This result demonstrates an improvement of photon-to-

current conversion efficiency in the Fe2O3/pBTO-5 film, probably correlated to a more 

efficient charge separation, resulting in a low recombination rate as well as a faster charge 

transfer in the composite ferroelectric/photocatalyst film.  
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Figure 6.11 IPCE spectra of Fe2O3/pBTO-5 and Fe2O3 at 1.23 V vs RHE. 

6.1.2 Tuning of photoelectrochemical performance via ferroelectric 

polarization 

To further study the influence of ferroelectric polarisation on the PEC response of the 

Fe2O3 layer in the ferroelectric/photocatalyst composite film, the Fe2O3/pBTO-5 

photoanode was poled using the electrochemical poling procedure, detailed in Chapter 3, 

and J-V curves were measured after poling pretreatment. The electrochemical poling 

pretreatment was also performed on bare Fe2O3 used as control sample.  

6.1.2.1 Photocurrent density measurements after electrochemical (EC) poling 

Figure 6.12 a,b report the LSV curves of Fe2O3/pBTO-5 sample under chopped and 

continuous illumination after positive and negative poling. The +8 V EC poling induces 

an obvious enhancement of the PEC performance in Fe2O3/pBTO-5 (821.4 µA/cm2 at 

1.623 V vs RHE) compared to the unpoled counterpart (383 µA/cm2 at 1.623 V vs RHE). 
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This improvement in the PEC response can be correlated to the upward band-bending at 

the semiconductor/electrolyte interface with electric field polarisation, as described in 

more detail for pBTO thin films in Chapter 4 and 5. In contrast, the photocurrent density 

is lower for the unpoled Fe2O3/pBTO-5 sample (383 µA/cm2 at 1.623 V vs RHE) with 

respect to the -8 V EC poled state (424 µA/cm2 at 1.623 V vs RHE). However, as observed 

in Figure 6.12 a,b, at lower applied potentials, the PEC response is decreased in the -8 V 

EC poled sample compared to the unpoled counterpart. This is related to the downward 

band-bending at the semiconductor/electrolyte interface, as reported in Chapter 4 and 5. 

The schematic of Fe2O3/BaTiO3 system in parallel structure after positive and negative 

poling is illustrated in Figure 6.13. As shown in Figure 6.13 a, when the Fe2O3/pBTO-5 

film is +8 V EC poled, the spontaneous polarisation from ferroelectric pBTO-5 will 

induce internal screening, driving the holes from pBTO-5 to the film/electrolyte interface 

to neutralize the ferroelectric polarisation. Consequently, the hole accumulation in pBTO-

5 leads to an enhancement in upward band bending, pulling the Fe2O3 bands in the same 

direction as the pBTO-5 because of the Fe2O3/BaTiO3 parallel structure. This internal 

screening generated in pBTO-5 films can offer an additional driving force to improve the 

charge separation efficiency and consequently boosts the overall PEC performance of the 

composite photoanode (Figure 6.13 a). On the contrary, if -8 V EC poling is performed, 

the ferroelectric polarisation will induce electron accumulation at the film/electrolyte 

interface, which consequently generates downward band bending in both pBTO-5 and 

Fe2O3. This downward band bending will hamper the transfer of electrons to the 

electrolyte because it is against the water oxidation reaction and thus a decrease in the 

PEC response of Fe2O3/pBTO-5 as photoanode is observed (Figure 6.13 b). This is in 

agreement with the LSV results reported. 
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The photocurrent density of bare Fe2O3 thin films shows a decrease after both positive 

and negative EC poling, indicating that the application of high voltages may generate 

chemical changes in Fe2O3 film or even its dissolution in the electrolyte and this may 

induce variation in the PEC response (Figure 6.12 c). Thus, the chemical composition of 

Fe2O3 layer will be analysed and discussed in more detail in the following section. 

Nevertheless, compared to bare Fe2O3 film, Fe2O3/pBTO-5 shows a clear PEC trend after 

positive and negative poling, suggesting that the PEC response of Fe2O3/pBTO-5 thin 

films can still be tuned by controlling the orientation of ferroelectric polarization. (Figure 

6.12 b, c).  
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Figure 6.12 LSV under chopped illumination of Fe2O3/pBTO-5 sample after positive 

and negative poling (a); LSV curves under continuous illumination of Fe2O3/pBTO-

5 (b) and bare Fe2O3 sample (c) after positive and negative poling.  
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Figure 6.13 Schematic mechanism of controlling PEC performance in Fe2O3/pBTO-

5 sample via ferroelectric polarisation, after positive (a) and negative (b) poling. 
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6.1.2.2 XPS analysis after electrochemical (EC) poling 

To further investigate the effect of poling pretreatment on Fe2O3/pBTO-5 sample and 

investigate any chemical changes that may contribute to the changes in PEC performance 

discussed above, the elemental composition after EC poling was investigated using XPS 

analysis. Figure 6.13 shows the survey spectra of Fe2O3/pBTO-5 thin film unpoled, +8 V 

poled and -8 V poled. The presence of Fe and O signals along with Ba and Ti peaks are 

detected in Fe2O3/pBTO-5 photoanode, confirming the successful growth of Fe2O3 on the 

BaTiO3 film. As shown in Figure 6.13, Fe2O3/pBTO-5 sample has not experienced 

overcurrent effects since the intensity of the peaks before and after poling is only 

marginally varied compared to the unpoled counterpart29. Moreover, the C1s signal is 

observed in Fe2O3/pBTO-5 sample before and after EC poling, but its intensity is weaker 

than that of O1s signal, indicating that C contamination does not influence the XPS 

measurements significantly, and it does not vary greatly between samples, indicating the 

presence of surface organic species does not vary greatly.  
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Figure 6.14 XPS survey spectra of Fe2O3/pBTO-5 thin films unpoled, +8 V EC poled 

and -8 V EC poled. 

To analyse the effect of EC poling on the elemental composition of Fe2O3 layer in more 

detail, XPS scans at high resolution over smaller energy windows were collected. Figure 

6.14 a shows the Fe 2p high resolution XPS spectra of Fe2O3/pBTO-5 film before and 

after poling, where the peaks at 724.2 and 710.9 eV belong to Fe 2p 1/2 and Fe 2p 3/2, 

respectively. In addition, the two satellite peaks of the Fe 2p main line are observed, 

revealing the presence of the Fe3+ oxidation state in the Fe2O3/pBTO-5 sample30,31. 

Moreover, the O 1s XPS peak can be attributed to lattice oxygen in the crystalline BaTiO3 

and Fe2O3 layer at a binding energy of 529.9 eV32, as reported in Figure 6.14 b. 

Comparing both Fe 2p and O 1s signals before and after EC poling, the +8 V poled sample 

shows almost the same surface atomic content of oxygen and iron ions observed in the 

unpoled counterpart, as reported in Table 6.1, in the same chemical environment. This is 
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confirmed by the shapes and intensities of the Fe 2p and O 1s signals, which remain 

unchanged after +8 V EC poling (Figure 6.14 a,b). In the -8 V EC poled sample, a slight 

decrease in the surface atomic content of iron and oxygen ions can be noted compared to 

the unpoled sample, as shown in Table 6.1. It is accompanied by a slight attenuation of 

the Fe and O peaks intensity as well as a slight shift of the O 1s peak position toward 

higher binding energy after negative poling. This shifting could be related to a global 

surface charge effect29,33. Nevertheless, this evidence is not sufficiently significant to 

indicate a sample alteration. Therefore, it can be concluded that the EC poling of the 

Fe2O3/pBTO-5 sample does not considerably change the surface composition of the 

Fe2O3 layer, including the oxygen vacancies content, and thus the change in PEC response 

of the poled Fe2O3/pBTO-5 sample can be attributed to the influence of the ferroelectric 

polarisation. 

 

Figure 6.15 Fe2p (a) and O1s (b) high resolution XPS spectra of Fe2O3/pBTO-5 

sample before and after EC poling. 
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Table 6.1 Surface atomic content (%) of iron and oxygen in Fe2O3/pBTO-5 sample 

before and after +/- 8 V EC poling. 

 
Surface atomic content (%) 

 
-8V unpoled +8V 

Fe 2p3 1.05 1.42 1.44 

Fe 2p1 0.32 0.33 0.38 

O1s 13.63 14.35 14.49 

6.2 Summary 

In this chapter, the development and study of a novel ferroelectric/photocatalyst system, 

obtained by hydrothermal growth of Fe2O3 within the pores and on the surface of 

ferroelectric porous BaTiO3 (pBTO-5) thin films has been reported. The SEM, EDX, 

XRD and XPS analysis confirm the successful combination of F2O3 with BaTiO3 sample. 

The as-obtained Fe2O3/pBTO-5 photoanode revealed a significant enhancement in the 

photoelectrochemical (PEC) response under solar illumination, compared to bare Fe2O3 

and pBTO-5 thin films. In particular, the Fe2O3/pBTO-5 film showed a maximum 

photocurrent density of 383 µA/cm2 which is two times higher than that of bare Fe2O3 

and considerably improved with respect to the bare pBTO-5 sample. This remarkable 

improvement in the PEC performance in Fe2O3/pBTO-5 films and its long-term stability 
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was attributed to the ferroelectric polarisation, which induces free carrier redistribution at 

the Fe2O3/electrolyte interface, leading to a reduction in charge carrier recombination. 

Indeed, the injection and separation of photogenerated charges in Fe2O3/pBTO-5 film is 

clearly improved compared to both bare Fe2O3 and pBTO-5 films. In addition, it was 

demonstrated that the Fe2O3/pBTO-5 film possesses a switchable PEC response by tuning 

the ferroelectric polarisation orientation of BaTiO3, using electrochemical (EC) poling 

pretreatment. As proved by XPS analysis, the EC poling procedure did not significantly 

alter the surface composition of the Fe2O3 layer. Thus, in this chapter, the beneficial effect 

on the PEC response of Fe2O3/pBTO-5 films derived by their combination to form a 

ferroelectric/photocatalyst heterostructure has been demonstrated. The possibility to 

enhance the PEC performance of ferroelectric/photocatalyst film by adjusting 

ferroelectric polarisation could be a promising strategy to adopt in photoelectrocatalysis, 

which combined with the optimization of photocatalyst’s structure and chemistry, could 

open up further opportunities.  
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7 CONCLUSIONS AND 

OUTLOOK 

7.1 Conclusions 

This thesis aimed to investigate the effect of ferroelectric polarisation on the improvement 

of photoelectrochemical (PEC) performance of bare BaTiO3 photoanode and when 

combined with Fe2O3 as a more efficient photocatalyst.  

The first stage was to develop ferroelectric thin films, suitable for the integration with a 

more efficient photoactive material. Thus, nanostructured ferroelectric BaTiO3 thin films 

have been prepared, owing to the high surface area that enhances their capabilities. The 

first trial for the production of nanostructured BaTiO3 thin films involved a hydrothermal 

sol-gel method whereby TiO2 gel films previously deposited on FTO glass substrate were 

converted to BaTiO3 films. Although the full chemical conversion was successfully 



CONCLUSIONS AND OUTLOOK 

 

209 

 

obtained, the nanostructured BaTiO3 thin films did not show a good PEC performance 

probably due to poor crystallinity and wide bandgap. In addition, the morphology of 

nanostructured BaTiO3 thin films was difficult to control. Therefore, the preparation 

method was changed to a soft template-assisted sol-gel method, using different amounts 

of an organic sacrificial template to produce porous BaTiO3 (pBTO) thin films with 

controllable porosity. The effect of different porosity on the ferroelectric and 

photoelectrochemical properties of pBTO thin films was explored. The linear dependence 

of the porosity with the amount of block-copolymer was verified by SEM and 

ellipsometry technique. PFM analysis, in combination with XRD and Raman 

spectroscopy, confirmed the ferroelectric behaviour of pBTO thin films, although the 

switching of spontaneous polarisation was more complete in the pBTO sample with 

higher porosity and larger particles than that with lower porosity and smaller particles. 

Moreover, all pBTO thin films showed an improvement in the PEC response compared 

to the corresponding non-porous BTO film and a correlation between surface area and 

PEC performance of pBTO films was observed. In addition, the tuning of PEC response 

using ferroelectric polarisation was obtained by performing electrochemical (EC) poling. 

Indeed, a clear enhancement in the photocurrent density values was observed after 

positive poling, making pBTO thin films promising candidates as photoanodes. 

The next stage was to evaluate the influence of oxygen vacancies on the ability to pole 

pBTO thin films via EC poling. Hence, pBTO thin films were prepared in O2, air and N2 

annealing atmospheres (pBTO-O2, pBTO-air and pBTO-N2), which produce different 

amounts of oxygen vacancies, as demonstrated by UV-vis spectroscopy, XPS analysis 

and PEC testing. Considering the favourable ability of ferroelectric thin films to control 

their PEC performance via ferroelectric polarisation, EC poling was conducted on all 
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pBTO thin films and in particular, as expected, the positive poling showed a clear 

improvement in the PEC performance of pBTO-O2 and pBTO-air compared to the 

negative poling. Nevertheless, the mutual effect between interface charges generated by 

ferroelectric polarisation and the surface oxygen vacancies induced a more significant 

enhancement in the PEC performance in pBTO-air compared to pBTO-O2, as 

demonstrated by XPS and PEC analysis. 

On the contrary, the PEC results for the pBTO-N2 sample after EC poling were not as 

consistent as in pBTO-O2 and pBTO-air thin films. As supported by XPS and PEC 

analysis, the high concentration of oxygen vacancies induced high migration of oxygen 

vacancies within the p BTO-N2 film, which limited its ability to be controlled by poling 

and this consequently generated very unpredictable results. 

Finally, porous BaTiO3 thin films with higher porosity (pBTO-5) were combined with 

Fe2O3 as nanocomposite photocatalyst (Fe2O3/pBTO-5). The Fe2O3 was grown by 

hydrothermal method within the pores and on the surface of pBTO-5 sample. This was 

confirmed by the combination of SEM, EDX, XRD and XPS analysis. Upon illumination, 

the Fe2O3/pBTO-5 photoanode showed a considerable increase in the PEC response 

compared to the bare Fe2O3 and pBTO-5 films, reaching a maximum photocurrent density 

of 383 µA/cm2. Moreover, upon the addition of H2O2 as a hole scavenger, a significant 

increment in the PEC response was obtained (512 µA/cm2 at 1.27 V vs RHE) compared 

to the corresponding measurements in the electrolyte solution without a hole-scavenger 

(141 µA/cm2 at 1.27 V vs RHE). This suggested that by combination with a co-catalyst, 

ultimately a greater enhancement in the PEC performance could be gained in the 

ferroelectric/photocatalyst composite film. The credit for the remarkable enhancement in 
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the PEC performance in Fe2O3/pBTO-5 films and its long-term stability was given to the 

ferroelectric polarisation of pBTO-5. The latter generated free carrier redistribution at the 

Fe2O3/electrolyte interface, favouring a reduction in charge carrier recombination, as 

demonstrated by IPCE results and the injection and separation of photogenerated charges 

in Fe2O3/pBTO-5 film, which were clearly improved. In addition, the tuning of PEC 

response according to the switchable ferroelectric polarisation orientation in BaTiO3, 

controlled by EC poling was achieved in Fe2O3/pBTO-5 film, without significantly 

affecting the surface composition of the film, as confirmed by XPS analysis. Thus, the 

PEC performance of the ferroelectric/photocatalyst composite system was further 

improved after positive poling, generating a maximum photocurrent response of 821.4 

µA/cm2, which is ca. two times higher than the unpoled counterpart (383 µA/cm2).  

In conclusion, the influence of ferroelectricity on the photoelectrochemical performance 

in both single ferroelectric BaTiO3 and composite Fe2O3/BaTiO3 photoanode has been 

demonstrated. The beneficial effect of ferroelectric polarisation on the PEC properties of 

the composite Fe2O3/BaTiO3 film could be further enhanced by optimizing the design 

structure of the ferroelectric-photocatalyst system. Besides, this work suggested different 

characterisation methods to assess nanoscale ferroelectrics and to exploit ferroelectricity 

in photoelectrocatalysis, which can advantage future studies on ferroelectrics for 

photocatalysis. 

7.2 Future work 

• Preparation of well-ordered porous BaTiO3 films 
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In this work, pBTO thin films were prepared by soft template-assisted sol-gel method, 

which allows the tuning of porosity in the porous films, using different amounts of 

sacrificial organic template. However, the pore diameter and size distribution control 

could be improved using a different synthetic approach. For example, inverse opal 

BaTiO3 films could be a valid alternative for the preparation of highly ordered and 

uniform porous films, where the pore size can be easily tuned, changing the diameter of 

the polystyrene sphere template, which directly influences the actual pore dimension and 

the interconnecting space between pores. This could allow better integration with Fe2O3 

as photocatalyst in the following step. Preliminary results showing the inverse opals 

BaTiO3 films structure are reported in Figure 7.1. 

 

Figure 7.1 Top-view SEM image of inverse opal BaTiO3 films (scale bar: 1 µm) (a) 

and corresponding magnification of smaller film area (scale bar: 0.5 µm) (b). 

• Alternative method for poling of ferroelectric thin films 
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This thesis demonstrated that EC poling pre-treatment is a suitable method to control 

ferroelectric polarisation in bare pBTO and Fe2O3/pBTO composite system. 

Nevertheless, corona poling could be explored as alternative method. Corona poling has 

gained considerable attention for the poling of ferroelectric thin films1-3. As shown in 

Figure 7.2, this technique is based on placing the sample under the corona discharge, 

deriving from a tip held at a high potential. The film to be poled is usually grounded on a 

plate. Using this method, it is possible to pole a film without the application of a top 

electrode2, and it is also possible to pole nanostructured or porous films. 

Compared to the EC poling pre-treatment, the main advantages of corona poling are: (1) 

good potential for scale-up, (2) higher fields can be achieved (3) thin films can be poled 

in spite of defects, considering that breakdowns are limited only to small sample areas. 

Thus, corona poling may give improved results for bare pBTO and Fe2O3/pBTO 

compared to EC poling. 

 

Figure 7.2 Schematic of corona poling set-up2. 

• Addition of co-catalyst on ferroelectric/photocatalyst composite film 
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As demonstrated in the previous chapter, the PEC response of Fe2O3/pBTO-5 film was 

further improved upon by adding H2O2 as a hole scavenger. Thus, the addition of co-

catalysts such as Co-Pi on the photoanode surface is expected to improve the 

photocurrents greatly and this could also maximize the PEC performance of the 

composite film after poling pre-treatment. Among different cocatalysts, cobalt 

phosphates (Co-Pis) have gained great interest because they are earth-abundant, ion 

permeable, easily created on the surfaces of different semiconductors and they can also 

be used to catalyse water splitting over a wide pH range (1-14). Thus, Co-Pi cocatalysts 

are promising alternatives to noble-metal-based cocatalysts4.  

• Alternative method for the preparation of Fe2O3 photocatalyst 

A different approach for the synthesis of Fe2O3 on porous BaTiO3 films could be adopted 

to have better control over the thickness and particle size of Fe2O3 and to improve the 

interaction between Fe2O3 and BaTiO3, which could allow a further improvement of PEC 

response after EC poling. Electrochemical deposition could be a suitable method for the 

preparation of Fe2O3 film. Compared to the hydrothermal method, it allows better control 

of the composition, crystallinity and film deposition property by properly adjusting 

electrodeposition process parameters. 
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Figure A1 Fitting of ellipsometric angles Ψ and Δ obtained for pBTO-0.2 (a-b), 

pBTO-2 (c-d), pBTO-3.5 (e-f), and pBTO-5 (g-h), obtained by application of 

Bruggeman EMA, using air as medium. 
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Figure A2 Fitting of ellipsometric angles Ψ and Δ obtained for pBTO-0.2 (a-b), 

pBTO-2 (c-d), pBTO-3.5 (e-f), and pBTO-5 (g-h), obtained by application of 

Bruggeman EMA, using water as medium. 



APPENDIX 

 

217 

 

 

Figure A3 BET plots of pBTO-0.2 (a), pBTO-2 (b), pBTO-3.5 (c) and pBTO-5 (d), 

where the surface area values are obtained by fitting the linear region of the 

ellipsometric adsorption isotherms. 
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