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Abstract

The use of nanomaterials in solar energy conversion and photocatalytic
degradation of environmental pollutants represents an opportunity to improve the
performance, density, and ease of transportation in renewable resources. Among
renewables resources, solar energy is considered as the largest exploitable
resource, supplying the earth with energy in 1 hour equivalent to mankind’s total
energy consumption in an entire year. Collecting and storing sunlight in chemical
bonds (solar fuel) using photoelectrochemical water splitting (PEC) is a
promising, a clean and sustainable way for hydrogen generation. Moreover, the
photocatalytic process has great potential and high efficiency for removal of
organic pollutants from water under direct natural sunlight irradiation. The aim of
this project is to design, fabricate, characterize and performance enhancement
of novel semiconductor materials that could efficiently harvest and store solar
energy by splitting water to produce hydrogen and to perform dye degradation as
well. The lack of suitable p-type photocathode has been considered and the focus
of this work was to design and develop the new stable visible light absorbing

photocathode materials.

In pursuit of the stable photocathode, in this work YFeOs, which is a cheap and
abundant material, with promising properties, and so was chosen as the
photocathode in the development of the PEC cell. YFeOs thin films were
produced by spray pyrolysis technique onto fluorine-doped tin oxide film on glass.
Results showed that YFeOs photoelectrode has achieved a photocurrent of 0.6
mA cm=? at 0.5 V vs. RHE and maximum of 0.41 pymol/cm? of hydrogen has

obtained as well.



Similarly, to look for suitable and cheap materials for environmental
remediation, Bi2WOe thin films were produced by spray pyrolysis and aerosol-
assisted chemical vapour deposition techniques. Results showed that the
nanostructure and texture of the films can be controlled by controlling the
deposition parameters. Moreover, photocatalytic degradation of rhodamine B

(RhB) and methylene blue (MB) dyes have been successfully achieved.

Finally, a-Fe20s films were fabricated as counter electrodes for dye-sensitized
solar cells in order to compete for platinum counter electrode. These films were
fabricated using aerosol-assisted chemical vapour deposition and spray pyrolysis
techniques. The results showed that the performance of the samples prepared
by aerosol-assisted chemical vapour deposition as a counter electrodes is higher

than of the samples prepared by spray pyrolysis.
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Chapter 1: Introduction

The motivation of this project is presented in this chapter and various
applications of solar energy conversion were discussed. One of which is the
photoelectrochemical process which directly harvests the solar energy and
converts such energy to split water to produce hydrogen. Hydrogen was the
desired product because hydrogen could be used as fuel and chemical feedstock
for different processes. The solar hydrogen generation is considered as Holy
Grail of future fuel but its development is hindered due to lack of suitable
nanomaterials. Another application is focused on solar photocatalysis for water
remediation. Solar energy can be used to remove different pollutants from water.
The photocatalysis also has the same requirement of stable and suitable
nanomaterials. The aims and objectives of this thesis are described. The thesis

outline is then presented.

1.1. Solar Energy for Energy Application

Traditional sources of energy such as coal, oil and natural gas have supplied
the world with energy and driven developments. However, global energy
consumption has increased dramatically and it is estimated that this will double
by 2050.1 Fossil fuel resources are limited and are concentrated in certain regions
around the world. Therefore, while global demand is increasing, a secure supply
is increasingly challenging to assure.? Furthermore, There are also environmental
and human health impacts. Moreover, the emissions of greenhouse gas and

carbon dioxide have a negative impact on our planet.

Renewable energy resources such as wind, biomass and solar fuel have been

investigated for years to help with the replacement of fossil fuels. Extensive



research and development have been required to produce such a technology that
can compete with fossil fuels and be commercially viable everywhere. The most
developed renewable energy sources are based on electricity generation,

producing a transportable and storable fuel, all of which presents challenges.

Among these energy resources, solar energy is considered a primary carrier
that may hold potential promise for a sustainable and clean energy future.® Solar
energy focusses on direct conversion of sunlight into chemical fuels in the form
of hydrogen gas (H2).* The most developed application of solar energy is to
convert light into solar fuel, (hydrogen fuel), by splitting water into oxygen and
hydrogen. The advantages and appeal of solar water splitting, include the small
reaction potential required (1.23 eV), and zero CO2 emission, as well as the ready
availability of the raw materials, i.e. sunlight and water.> However, solar energy
use is still limited, and researchers are focusing on the development of improved
technologies for solar energy conversion. Moreover, sufficient materials are
needed to achieve efficient solar to hydrogen conversion. A thorough
understanding of the mechanism of photoelectrochemical water splitting,
techniques and materials used could serve as guidelines for designing new

technologies and materials.

1.2. Solar Energy for Environmental Photocatalytic Application

Environmental pollution is a global threat and it is increasing day-by-day due to
heavy industrialization, urbanization, and the changing lifestyles of people.
Among all types of environmental pollutants, providing clean water have become
an issue worldwide. About 70% of water on the Earth is trapped in the ice or
glaciers and only 0.08% of the remaining water is clean.® With the shortage of

clean water sources and increasing demand, several practical solutions have
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been implemented to sustain more viable water resources. Storing the rainwater
for daily uses and expanding the catchment capacity for stormwater are just a
few examples of short-term solutions. Developing countries with a sunshine arid
area, less rainfall, and long-term drought have the challenge to find viable water
resources. Therefore, we need a technology that is capable to monitor, detect

and clean the contaminants from the existing water.

Nanomaterials offer a great promise for the ability to improve environmental
technology. Due to it is small size and the high ratio of surface area to volume
ratio, nanomaterials can be used to detect very sensitive contaminants.® One of
the major application of nanomaterials in the field of environment is photocatalytic

degradation of organic pollutant.’

Photocatalytic degradation using solar energy is an advanced oxidation
process that can be able to degrade of organic pollutants in a simple and efficient
manner. Moreover, it can be used to remove, minimize or neutralize the water
contaminants that can harm human health. Therefore, it is considered as one of
the most economical and promising industrial techniques for water treatments.
However, solar energy for photocatalytic degradation is limited due to the lack of
suitable materials. The need for designing highly efficient photocatalytic systems

and suitable material for water treatment is of vital interest.
1.3. Aims and Objectives

The aims of this work are: First, design and development of p-type stable
photocathode for photoelectrochemical for hydrogen generation. Second,
design and development of suitable photocatalysts for environmental

remediation.



To achieve these aims this PhD work is split into the following objectives;

1. literature survey

2. Development of synthetic strategies for the control of optimal nano-
architecture and morphology.

3. Characterization of materials to determine phase, crystallinity,
morphology and surface properties.

4. UV-Vis for optical characterization.

5. PEC, and photocatalytic analysis to determine the solar energy
conversion efficiency.

6. Electrochemical characterization of materials.

7. Testing the materials for hydrogen generation and photocatalytic

applications.

Different materials have been used to fulfil these aims. The P-type YFeOsthin
film material is fabricated and their applications in solar energy conversion for Hz
generation is investigated as well. Different fabrication techniques, such as sol-
gel, aerosol assisted chemical vapour deposition (AACVD) and spray pyrolysis
(SP), have been used to optimize the ideal fabrication conditions of the YFeOs
thin film. In addition, | study their stability, photoactivity, electrical, optical
properties, and fabrication method. Moreover, their capability to reuse in water
splitting reaction has been investigated. The outcome results are summarized in
the submitted article.

Bi2WOs thin films have been designed and fabricated for by AACVD and SP
fabrication methods. Their applications in photocatalytic degradation of different
organic dyes have been investigated. In addition, their structured, optical and

electrical properties have been studied.



a- Fe20s3 thin films are fabricated as counter electrodes for dye-sensitized solar
cells in order to compete for platinum counter electrode. Different deposition
techniques like spray pyrolysis (SP) and aerosol assisted chemical vapour
deposition (AACVD) have been used. Their performance, characterization and

PEC measurements have been studied.

1.4. Thesis Outline

The work detailed in this thesis is organized in the following manner:

Chapter 1 is an introduction to the thesis including aims and objectives. Chapter
2 is a literature review on nanomaterial designs and fabrication in the context of
their applications for solar-to-hydrogen conversion and for photocatalysts in dye
degradation. The literature presents an overview of the current state of the field,
discussing the different materials that are being investigated before giving a brief
description of some state of the art solar-to-hydrogen devices and finishing with
a discussion of the current and future challenges in the field. Chapter 3 is a
description of the different characterization and experimental techniques used
throughout this thesis. Chapter 4 discusses the fabrication of YFeO3s nanomaterial
and its advantages in photoelectrochemical water splitting as a photocathode for
hydrogen generation. Chapter 5 focuses on the fabrication of Bi2WOe films using
a spray pyrolysis technigue and how they act as photo-catalyst for Rhodamine B
(RhB) dye degradation. Chapter 6 discusses another fabrication method used to
fabricate Bi2WOs films which can be used as photo-catalyst for Methylene Blue
(MB) dye degradation. Chapter 7 is based on collaborative work and focuses on
the fabrication of a-Fe203 counter electrodes for dye-sensitized solar cells. The

conclusion and possibilities for future work are presented in chapter 8.
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Chapter 2: Literature Review

This chapter reviews the current state-of-the-art of photoelectrochemical water
splitting and photocatalytic dye degradation processes. Several semiconductor
materials such as n-type and p-type were discussed. The result of this literature
review shows that the general focus on the photoelectrochemical water splitting
and photocatalytic dye degradation processes is on the thin film photoelectrodes
materials development. The general requirements for the selection of

photoelectrode materials were discussed.

2.1. Basic Principles of Photo-Driven Water Splitting

Generating Hydrogen fuel directly from sunlight is based on the natural
phenomenon called natural photosynthesis (NP), a process which exists in plant.
L2 Where sunlight is used to convert water and carbon dioxide into oxygen and
carbohydrates. The potential technology that converts water into H2 and Oz using
sunlight for generation of solar fuel is referred to as artificial photosynthesis (AP)

and mimics NP using man-made materials.?3

The water-splitting reaction is an uphill reaction with a net Gibbs free energy of

238 kJ/mol or 1.23 eV, as shown in Eq. (1-3)%,
H,0 +2(H*) > 1/,0,+2H? (HER) (1D
2H* 4+ 2e~ - H, (OER) (2)
H,0 - 1/,0,+ H, AG=238k/mol (3)

The basic mechanism of photocatalysis water splitting is based on the generation
of photo-excited charge carriers. Photocatalytic water splitting reactions in

semiconductor particles generally involves three main steps. Firstly, the



absorption of the light irradiation with energies exceeding the semiconductor
bandgap generates electron (e’) and hole (h*) pairs inside the semiconductor
particles. The generated electrons-holes pairs are subsequently separated,
followed by migration of the charges to the interface of the semiconductor
particles. The final step is the chemical reaction between the charge carriers and
various compounds (e.g., H20) produce Hz and Oz, respectively as shown in
Figure 1.5 Recombination of electrons and holes may also occur on a very fast

timescale without participating in any chemical reaction.*578

X0 QE,\ hv
- —". CB
(TYTPY R S S .
\ e, T 1 Twmwww
N 2 Xy ;
S N _ VB

\ ~

.
A Y
A
|
22 h

i
4

W s\f-‘)arge eparation
]
’

(ps~us )

2

Bulk Recombination (ps~ms)

Surface Reactions (ps~ms)

Figure 1: Fundamental principle of photocatalytic water splitting in a
semiconductor.

2.2. General Approaches for Water Splitting

Production of Hydrogen, using water splitting techniques fall into two main
categories:  photocatalyst systems (PC) and photoelectrochemical systems
(PEC).% Photocatalytic systems (PC), considered as the simplest, efficient, and
promising method for water splitting. Photocatalysts which form as powders are
dispersed in water to split the water molecules under light irradiation (Figure 2).
Photocatalysts possess the advantage that the water splitting can occur in the

homogeneous phase without the need for transparent electrodes and without the



need for directional illumination.® However, PCs have many disadvantages that
limit its use for water splitting. (1) Immediate separation of the generated
hydrogen and oxygen when formed are required, which will consume additional
energy, causing low efficiency of the water splitting process. (2) The illumination
of PC systems without fast removal of the catalysts will eventually cause a
photostationary state, where all forward and backward reactions have identical
rates, and no more water splitting can take place.!! (3) Due to these limitations,
implementing PC systems on a commercial scale remains challenging. Thus, PC

systems will not be covered in this literature.
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Figure 2: Schematic diagram for solar hydrogen via photocatalytic water
splitting system (PC).

In photoelectrochemical water splitting technique (PEC), the photocatalysts are
initially prepared on conductive substrates as electrodes and then the additional
small bias is applied for water splitting. Photoelectrochemical water splitting was
reported for the first time in 1968 using illumination of a conductive electrode
made from TiOz in aqueous solution.'? The interaction of incident light with TiO2

generates electron-hole pairs, where the holes oxidize water at the TiO 2 surface



to generate oxygen, and the electrons travel to the platinum (Pt) counter electrode

to split water to produce hydrogen (Figure 3a).”810.11
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Figure 3: Illustration of PEC configurations: (a) a single photoelectrode PEC
powered by a photovoltaic (PV) cell to allow water reduction at the cathode. (b)
two photoelectrodes PEC connected in parallel. (c) two photoelectrodes
connected in series.

To make a PEC cell, one or both electrodes should be a photoactive
semiconductor, where the charge separation forms at the semiconductor/liquid
interface (Figure 3b and 3c). When the cell is exposed to sunlight,
photogenerated carriers are separated by the space-charge field and the minority
charges (holes for an n-type photoanode and electrons for a p-type
photocathode) travel to the semiconductor electrode-liquid interface for
reaction.'®* Compared to a photocatalyst system (PC), PECs have the advantage
that there is no need for gas separation because the generation of H2 and O2 is
spatially separated at different electrode sides.'®'4 This literature review
discusses different semiconductor materials used to fabricate both

photocathodes and photoanodes in PECs.

2.3. Photocathode for Hydrogen Evolution

Water splitting photocathodes are generally p-type semiconductors and must

generate the required cathodic current to reduce water to hydrogen and need to
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have high stability in agueous environments. The optimal photocathode material,
need to have the conduction band edge potential to be more negative than the
hydrogen redox potential. Many earlier studies on electrochemical photocathodes
focused on p-type silicon and 1lI-V semiconductors such as InP and GaP.
Recently, p-type semiconductor including oxides and sulphide have received
much attention. In particular various photocathodes materials, including single

metallic and bimetallic oxides, chalcopyrites, silicon, and IlI-V semiconductors.
2.3.1. Single Metallic

Cuprous oxide (Cuz0), cupric oxide (CuO), and nickel oxide (NiO) are among the
forefront p-type semiconductor oxides that have been investigated for solar water
splitting. They are favourable photocathodes having low cost, earth abundance,

and ideal band-gap energies that allow for the absorption of visible light.
2.3.1.1. Cux0

Cuprous oxide is one of the most investigated p-type semiconductors, used for
solar water splitting. Cu20 has a direct band gap of 1.9-2.2 eV *°, which makes it
an excellent solar absorber; however, photocorrosion is a major limitation of
Cu20.1>%® Recent studies show that there is a possibility to suppress the
photocorrosion of Cu20 by adding a passivation layer on the surface of Cu20
(Figure 4a). This layer prevents direct contact between the Cu20 surface and the
surrounding electrolyte.'” The best performance of Cu20 was demonstrated in
the cathodic reduction of Cu?* ions in aqueous solution with pH 12, where TiO2
was as a protective layer with a photocurrent of -7.6 mA/cm? at 0V vs RHE as

shown in Figure 4c.*®
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Figure 4. (a) Schematic diagram of FTO/Cu20 photocathodes deposited with
ZnO: Al and TiOz protective layers and (b) SEM image of deposited Cuz0, (b) J-
V plot of the FTO/Cu20/TiO2 photocathodes, reproduced from ref 22,

2.3.1.2. CuO

Cupric oxide (CuO) is another p-type copper oxide with an indirect band gap of
1.2-1.8 eV 1920 where its small band gap allows CuO to achieve more
photocurrent than Cu20. However, CuO as a photocathode for water splitting has
received less attention than Cuz0, due to its conduction band being more positive
than that of the Cu20.21-22 However, recent studies on hydrogen evolution by
CuO with composite photocatalysts, confirm the possibility of CuO to reduce
water to hydrogen.?*27 Like Cu20, photocorrosion is another major drawback of
using CuO as photocathode in water splitting, although some recent studies show

that a reduction in photocorrosion of Cu20 may apply to Cu0.2"-2°

2.3.1.3. NiO

Nickel oxide (NiO) is a semi-transparent p-type semiconductor with a direct band
gap of 3.6-4.0 eV.3° This wide bandgap NiO possess low resistance, high p-type
concentration, high hole mobility, and low lattice mismatch with ZnO, which are

favourable for the formation of p-n heterojunction.3°-33 On the other hand, the
12



photocurrents obtained by NiO photocathode are low due to low potential of its

valence band (0.3V vs SCE).>* However, sensitizing NiO photocathodes with

quantum dots (e.g., CdSe) possess high photocurrent and photopotential as

shown in Figure 5a and 5b.333
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Figure 5: (a) Photocurrent response of NiO/CdSe/CdSe:NiO electrodes under
dark and visible light. (b) UV/Vis absorption spectra of NiO/CdSe/CdSe:NiO

2.3.2 Bimetallic

2.3.2.1. CuFeO:

electrodes; Reproduced from

ref 38,

CuFeO2 has an ABO2-type semiconductor delafossite structure with a bandgap

of 1.5eV, which can absorb the most of visible light.®® In addition to its small band

gap, CuFeO: is an earth abundant material with high onset potential and good

stability in aqueous solution.®%3” However, poor charge transfer, limit its

performance for PEC water splitting. Recent studies show that the fabrication

techniques, involving post-treatment in the air with hybrid microwave annealing,

enhanced the activity of the electrode which makes the CuFeO: attractive

candidate for PEC water splitting as shown in Figure 6a.3 In Figure 6b and 6c,
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photocurrent activity of CuFeO2 possess enhancement after modifying with

electrocatalyst such as nickel-iron (NiFe) and reduced graphene oxide (RGO).38
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Figure 6: (a) J-V plot of untreated CuFeO: electrode (CFO) and post treated at
different annealing time with using hybrid microwave annealing (HMA)
comparing to the conventional thermal annealing (CTA). (b)
chronoamperemetry of CuFeO: treated with CTA, HMA, and and HMA-
NiFe/RGO. (c) J-V plot of HMA, HMA-NiFe, and HMA-NiFe/RGO simulated in 1

sun irradiation in 1 M NaOH electrolyte; Reproduced from ref 38,

2.3.2.2. LaFeOs

Perovskite oxides are quite encouraging materials for PEC water splitting due to
their high efficiency and stability in water. LaFeOs with ABOs3 perovskite structure
is a promising candidate to be used for water splitting due to its high stability,
optoelectronic properties and small band gap energy.3**? However, failure to
improve their photoresponse limit their use as photocathode which is because of
the lack of preparative technique for LaFeOs photocathode with effective

quality.*? Recent effort show that the efficiency of LaFeOs as photocathode can
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be improved via doping with metals which have 2* oxidation state similar to that
of Fe®*, such as Mg?* and Zn?*. These dopant agents lead to change the structure
and electrical properties of the photocathode which enhanced the overall

photoelectrochemical response of LaFeOs ( Figure 7a and 7b).*3
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Figure 7: (a) FE-SEM images of pristine LaFeOs comparing to doped LaFeOs
electrodes. (b) Photocurrent transients for pristine LaFeO3s, Mg, and Zn doped
LaFeOs electrodes at -0.25 V; Reproduced from ref 47,

2.3.2.3. CaFe20q4

Calcium iron Oxide (CaFe204) has been discovered for the first time as a p-type
semiconductor oxide for use of electrolyse of water.** It has a bandgap of 1.9 eV
with suitable conduction and valence band edges of -0.6 and +1.3 V vs NHE,
respectively, which is suitable for splitting water.*> However, the photoresponse
of CaFe204 is relatively low, because of its poor charge separation and charge
carrier mobility.*647” Moreover, CaFe204 photocathode with metal doping such as
CuO and Au shows a higher photocurrent response due to the increase
absorption wavelength range.*® Furthermore, CaFe204 doped with Ag exhibited
23 times higher photocurrent response than undoped CaFe20s4 as shown in

Figure 8.4°
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Figure 8: J-V curves for the; Ag- CaFe20a4 (red line), Cuo- CaFe20a4 (blue line),
Au- CaFe204 (green line), and undoped CaFe204 (black line); Reproduced from
ref 53,

2.3.3 Chalcogenides

To date, some p-type chalcogenides have been studied as a photocathode for
solar water splitting. Semiconductors with chalcopyrite structure (e.g. CulnSgz,
CuGaSy), have recently shown significant photocathode performance for solar

water splitting due to their excellent photovoltaic properties.

2.3.3.1. CulnS2

Copper indium disulphide (CulnSy) is considered as a promising candidate to be
used in thin film solar cells due to its direct bandgap (1.5 eV) and large absorption
coefficient (10° cm?) in the visible spectral range.®®-52 Moreover, it is
environmentally friendly 2, but the fabrication of CulnS:2 thin film is expensive.
Fabrication techniques such as chemical deposition, especially spray pyrolysis
possess an attraction solution to this issue where the large area of the thin film
can easily be coated.5® Spray pyrolysis at low temperature (about 150-200 °C)

shows the possibility of the CulnS2thin film on cheap and flexible substrates.>3
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2.3.3.2. CuGaS:

Copper gallium disulphide (CuGaS:2) is less interesting to be used as
photocathode in the solar cell than CulnS2 due to its wide direct band gap of 2.4
eV.> However, CuGaS2 has a conduction band located at more negative
potential than that of CulnS2 which make it a possible photocathode for solar
water splitting.1”-555¢ |n addition to its wide band gap, gallium deposition requires
more cathodic potential than that of indium metal, where the fabrication of uniform
film remain is challenging.'” Recent studies suggested that doping CuGaS: film
with co-catalyst such as Zn and Ti enhanced the morphology and phase structure

of Cu-Ga photocathode film (Figure 9).5’
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Figure 9: (a) The SEM images of CuGaS: , (b) doped with Ti, (c) doped with Ti
and Zn, (d) XRD patterns of pristine CuGaS2 before and after doping.
Reproduced from ref 1.
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2.3.4 1llI-V Semiconductors

2.3.4.1. GaP

Gallium phosphide (GaP) has an indirect band gap (2.2-2.3 eV) and band edges
above the reduction potential of hydrogen which makes it a suitable material for
water splitting.>8>° The n-type of GaP is unstable in water, but the p-type form
has more stability for long periods of time in electrolytes under cathodic
conditions.>® Despite the wide bandgap of GaP, still, it does not show the
expected photocurrent.6961 Recent investigation shows that the influence of the
interface structure region between the semiconductor and the electrolyte,
depositing of platinum particles on top of GaP notable increased the efficiency of

the photoelectrochemical cell.®®

2.3.4.2. InP

Indium phosphide (InP) has a direct band gap of 1.35 eV, which makes it well-
matched to the solar spectrum.®2-65 Moreover, its conduction band edge is slightly
above the water reduction potential.®> For these reasons, InP is considered a
promising photocathode for water splitting. Although p-type InP is suffering from
photocorrosion in acidic solution 667 the stability and efficiency of InP electrode
can be enhanced with protective coat-layer of TiO2.%8 Despite its efficiency, high
cost of bulk materials and fabrication process of InP photocathode limits its
scalable application.®® Latest studies demonstrated a low-cost and high-efficiency
solar device, implemented using the thin-film vapour-liquid—solid (TF-VLS)

growth technique that decreases usage of feedstock materials.®°
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2.3.5. Silicon

Silicon (Si) has been extensively used for water reduction over the past few
decades due to its narrow band gap (1.1 eV)’%"? In addition to its small band gap
energy, silicon is one of the most promising materials for photoelectrodes in a
photoelectrochemical water splitting due to its natural abundance,
environmentally friendly and ability for large-scale production.”?="# The practical
use of Si as photocathode electrode in water splitting was originally limited due
to its instability in water.”* However, several approaches have been developed to
protect its surface from corrosion using protective layers (e.g., ALD of TiO2,Al203
, and different catalysts layers) to enable more stable PEC performances of Si
electrodes in different aqueous environments.%675-7® The latest study indicated
that Si photocathode deposited with strontium titanate, SrTiOs (STO), as
protective layer achieved photocurrent density of (35 mA cm) and long-term

stability as illustrated in Figure 10.73
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Figure 10: (a) current-voltage curve of Si coated with various STO thicknesses
as protective layer. (b) Voltage versus time curve. Reproduced from ref /7.
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2.4. Photoanode for Water Splitting

Photoanode materials, responsible for oxygen evolution must be; an n-type
semiconductor, band gap that are suitable for absorbing a wide range of the
spectrum, and efficient charge collection and charge carriers’ mobilities. In
addition to that, the materials must be stable in aqueous solution, low cost, and
environmentally friendly. This section will focus on the n-type semiconductors that
have been investigated as a photoanodic electrode in PEC water splitting. They

include monometallic, bimetallic oxides, chalcogenide, and nitride.
2.4.1. Monometallic
2.4.1.1. TiO2

Titanium dioxide (TiOz), which is an n-type semiconductor having a bandgap of
~3.2 eV, is considered to be the most promising oxides used in
photoelectrochemical water splitting.8%-8 It's reported for the first PEC water
splitting as photoanode under UV irradiation by Honda and Fujishima in 1972.7
Due to its excellent stability in aqueous solution, it has been implemented as
protection layers for photoelectrodes (e.g., Cuz20,Si, InP, etc.) that are not stable
in water.5877.78 However, the applications of TiO2 photoanode in PEC water
splitting is limited due to its wide band gap. Several techniques have been
explored to improve the light absorption and charge carrier transport of TiO2 such
as doping with cocatalyst (e.g., Co and Ag) (Figure 11). For example, N- modified
TiO2 photoanode, which were synthesized via the nitridation of hydrothermally
synthesized TiO2 nanowire arrays in the NH3 atmosphere, obtained a band gap
of 2.4 eV.84 Additionally, TiO2 nanotubes treated with heat and chemical reduction
demonstrated enhanced photocatalytic activity, with a photocurrent of 2.0 mA at

1.23 V.85
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Figure 11: (a) Linear sweep voltammetry of, TiO2 nanowire arrays (blue), Cobalt
doped TiO2. (b) chronoamperometry measurement of TiO2 hanowire arrays and
the same film after treated with cobalt and silver. Reproduced from ref 8,

2.4.1.2.Zn0O

Zinc oxide (ZnO) is also an n-type semiconductor which is environmentally
friendly and inexpensive.8-88 |t has a bandgap of 3.2 eV, similar to TiO2 but higher
carrier mobility.8”°2 Nevertheless, the effective applications of ZnO as
photoanodes for water splitting still requires the improved design and synthesis
technique to overcome the limitations of Zn0.% Recent studies revealed that by
controlling the morphology of ZnO, the light harvesting ability can be enhanced.
Figure 12a and 12b shows that thermal evaporation approaches can also
enhance the morphology of ZnO and a photocurrent of ~0.4mA/cm? at the applied

potential of 0.8Vagiagcl is achieved.%3:94
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Figure 12: (a) Photocurrent response of ZnO photoanode at different deposition
time, (b) Solar to hydrogen conversion efficiency with respect to applied voltage;
Reproduced from ref %.
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2.4.1.3. WO3

Tungsten oxide (WOs3), an n-type semiconductor has been well studied as
photoanodes for water splitting compared to their other metal oxides. It has an
indirect band gap of 2.5-2.8 eV which can harvest about 12% of the solar
spectrum.®® WOs is an inexpensive, nontoxic, and possess high stability in acidic
aqueous solution.®>~°7 However, this material can only absorb a limited portion of
visible light due to its wide band gap.®® Moreover, its conduction band is too low
(0.3V vs RHE) comparing to Hydrogen evolution reaction redox potential.®®
Recent studies have demonstrated that morphological control and hydrothermal
treatment can significantly affect the morphology of the synthesized electrode
and may exhibit a far higher enhancing photocurrent of W0z.%%1% |n particular, it
was shown that fabricated WOs nanospheres by removing the top platelets of
WOs via a hydrothermal method exhibited a photocurrent of 2.6 mAcm2 at 1.2V

as presented in Figure 13.19°
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Figure 13: (a) Cyclic voltammograms measurements comparing the
photocurrent of WO3 plates and the resulting nanospheres, (b) photocurrent of
WOs plates treated by hydrothermal and WO3s nanospheres under 1.0V applied

potentials; Reproduced from ref 104,
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2.4.1.4. a-Fe20s3

Alpha-Hematite (a-Fe203) is undoubtedly the most extensively studied n-type
semiconductor to be used in water splitting. It has a bandgap of 2.0-2.2 eV which
absorb a significant portion of visible light with efficiency exceeds 12%.13101-103 ¢
is also stable in most of the agueous media and has high resistance towards
photocorrosion. 13104105 |n addition, it is environmentally friendly and inexpensive
but it has low absorption efficiency, low electrical conductivity, short diffusion
length (2-4 nm), and facile surface recombination are serious challenges for its
use in practical application as a photoanode.% To overcome these limitations,
several synthesis techniques and strategies have been developed, which include
surface modification and composition.104107.108 Syrface modification with
catalysts such as IrO2, aims to reduce the overpotential and thus enhanced the
efficiency 1°110 while composition aims to increase charge mobility.*'° Recent
study reported that preparing a-Fe203 film by electrodeposition method followed
by surface decorating with Co-Pi catalyst showed a stable photocurrent of ~ 1.89

mA cm? as presented in Figure 14.111
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Figure 14: (a) J-V measurements with chopped light for Co-Pi / a-Fe20s films at
different deposition times (300s, 600s, and 1200s). (b) Photocurrent versus time

curve of a-Fe203 and 600s Co-Pi / a-Fe203 photoanode; Reproduced from ref
115
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2.4.2. Bimetallic

2.4.2.1. BiVO4

Another n-type semiconductor is Bismuth vanadate (BiVOa4), which is recently
emerged as a viable candidate for photocatalytic water splitting. It has a band
gap of 2.4 eV and can absorb a significant portion of the visible spectrum.12.113
It has a suitable conduction band position very near to the Hz evolution potential
and relatively low onset potential for O2 evolution.''411> However, BiVO4 lacks
low photocurrent efficiency under solar radiation, fast electron-hole
recombination, slow charge transfer and low water oxidation kinetics.116-18 To
overcome these drawbacks, several techniques have been applied such as the
construction of heterojunction structures, morphology control, and doping.
Previous works have demonstrated that WO3/BiVOa4 heterojunction possess

photocurrent less than 1.0 mA cm? at 1.0 V vs RHE. 119120
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Figure 15: (a) J-V curves of five photoanodes (i.e., BVO= BiVOg4, B/W =
BiVO4/WOs3, B/S= BiVO4/ SnO2, B/S/W = BiVO4/ SnO2/WO3, B/W/S =
BiVO4/WO3 /Sn02). (b) Photocurrent density and solar to hydrogen conversion
efficiency as a function of time for the BiVO4/WO3 / SnO2 photoanode tandem

cell ; Reproduced from ref 21,
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A significant enhancement has been achieved using a double-heterojunction
photoanode based on BiVO4/WOs3 /SnO: triple layers prepared by spin coating
(Figure 15), which has an increased the PEC photocurrent to 3.1 mA cm™ at

1.23V vs RHE.*?!

2.4.2.2. CuWOyq4

Copper tungstate, also known as copper tungsten oxide (CuwWOQa) is an n-type
semiconductor with indirect optical band gap of 2.3 eV.122-124 |t has been widely
studied for different applications such as a detector, lasers, and optical
sensor.123-125 Due to its small band gap, it is very close to the ideal potential for
PEC water spiting as promising photoanode material.1?412¢ |n addition, the single
crystal of this materials have a maximum conversion efficiency of 0.52%.123 The
PEC of CuWOsu4 is significantly low due to its low absorption light and high bulk
charge transfer resistance.'?6-12% Several approaches such as surface
modification and construction of heterojunction structures can help to mitigate
some of its PEC water splitting limitations. Recent studies demonstrated that
modification of the CuWOa4 photoanode surface with TiO2-coated Au NPs can
significantly increase the PEC water-splitting performance and increased the
water splitting photocurrent from 0.03 to 0.1 mA cm-? (Figure 16).13° Coupling
CuWO4 with WQOs, to form heterojunction photoanode can enhance the absorbed

photon density and charge mobility.131:132
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Figure 16: (a) Photocurrent versus voltage (J-V) curve of Current vs time curve
for CUWO4 electrode before and after decorating with TiO2-coated Au NPs. (b)
Photocurrent versus time curves at 1.23 V vs RHE under AM 1.5 irradiation;
Reproduced from ref 134.

2.4.3. Nitride

2.4.3.1. TaON

Tantalum oxynitride (TaON) with a bandgap of 2.5 eV is another n-type
semiconductor, suitable for solar water splitting.133-135 |t has achieved a
maximum gquantum efficiency of 34 %.%%® Moreover, TaON shows reasonably
alignment of its CB and VB edges relative to the OH/O2 oxidation and H+/H2
reduction potentials, generate H2 and 02.1% However, the activities for H2
production is lower than those for Oz evolution, which is sufficiently negative for
H2 production.'3” TaON suffer from low stability due to the introduction of N 2p
orbitals in the valence band.'** Recent studies have demonstrated that the
photocatalytic activity of TaON for water splitting can be enhanced through photo-
deposition with noble nanoparticles such as Ru.'® Also, a significant
enhancement to the photocurrent in TaON photoanode by heat treatment of the

surface with TiCls has been reported (Figure 17).1%°
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Figure 17: Current—bias dependence over the TaON electrodes before and after

the TiCls treatment under chopped visible light irradiation; Reproduced from ref
143

2.4.3.2. TasNs

Tantalum nitride (TasNs) has received significant attention over the past years
due to its small band gap (2.1 eV) and stability.13>140-143 |t has CB lies at ca.-0.4V
vs. NHE, and VB lies at ca. +1.6V vs. NHE, which possibly allow TasNs to perform
unassisted solar water splitting.14%144 Due to these band energies, TasNs can
theoretically split water spontaneously as a single photoanode with maximum
solar to hydrogen efficiency of about ~15 %.144-146 However, TasNs suffer from
the poor charge transport, low photocurrent efficiency and insufficient light
absorption.147-149 Effective strategies have been developed to enhance the PEC
performance of TasNs photoanode, such as nanostructuring and morphology
control.150.151 Particularly, TasNs photoanode with a 1D configuration, such as
nanotubes (NTs), nanorods (NRs), has been considerably investigated.147148.152-
156 These 1D nanostructure offer advances of charge transfer to the solid-liquid
interface without recombination and high absorption of incident light. TasNs
nanorod arrays modified by Co(OH)x co-catalyst yields a stable photocurrent

density of 2.8 mA cm?2 at 1.23 V vs RHE as illustrated in Figure 18.153
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Figure 18: (a) Photocurrent vs applied potential bias curve of TasNs
photoanode before and after loading of the Co (OH)x co-catalyst. (b)
Photocurrent vs time (j-t) curve; Reproduced from ref 157,

2.4.4. Chalcogenides

2.4.4.1.CdS

Cadmium sulphide (CdS) is the most investigated metal chalcogenide materials
for water splitting under visible light irradiation due to its favourable direct band
gap (2.4eV). Furthermore, its band edge positions are suitable for water splitting
to produce hydrogen and oxygen.!®”158 Despite these advantages, the
photocurrent activity of CdS is not sufficient due to the photogenerated charges
(electrons and holes) which cannot be efficiently separated and transferred.158-
160 Additionally, CdS suffer from photocorrosion in agueous media which
hampers their long-term stability in solar water splitting.*>"161 To overcome these
drawbacks, extensive studies have been investigated to improve the stability and
efficiency of CdS photoanode. Recent studies demonstrated that the formation of
CdS 2D-nanostructuers offer significant advantages such as, reduction of the
scattering rate which increase the carrier collection efficiency and increase the

absorption of incident light ( Figure 19).162
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Figure 19: Hydrogen evolution activity of different CdS nanostructured; solid
nanospheres (s-CdS), (b) hollow nanospheres (h-CdS), and (c) nanorods
(r-CdS); Reproduced from ref 166,

2.4.4.2.7nS

Zinc sulphide (ZnS) is a promising candidate for photocatalysis of hydrogen
production due to its ability, generation of mobile photoexcited charge carriers,
and high conduction band potential which ensures fast electron transfer.163-166
Moreover, it has active sites for hydrogen evolution without the need to deposit
expensive charge transfer co-catalyst like Pt or RuO2.1%” But due to its large band
gap (=3.6 eV), the performance in photocatalysis is limited, which means that
pure ZnS are only active under UV irradiation.%816% Therefore, several studies
have been investigated to improve the light absorption behaviour of ZnS
photoanode. For instance, it has been reported that doping ZnS with transition
metal ions such as Ni, Sn, and Cu has improved the Hz production under visible
light irradiation.1°-172 An alternative approach to doping is the defect engineering,
which also increases the overall efficiency of ZnS.1”® Moreover, the modification
of the fabrication conditions can lead to defect states in ZnS thin films which also
enhance visible-light absorption, charge separation, and photocurrent up to 1.6

mA/cm? as shown in Figure 20.173
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Figure 20: (a) J-V curves for from bulk ZnS, ZnS-1, ZnS-10, and ZnS-100. (b)
And (c) TEM images showing the atomic structure of ZnS and ZnS-100
respectively. ZnS-xx labels indicate the N2 gas pressure (in mTorr) used during
the deposition. Reproduced from ref 177,

2.5. Current State of The Art for Water Splitting
2.5.1. Tandem Approach

Photoelectrochemical water splitting (PEC) is considered a promising technology
to convert solar energy into storable and transportable fuel. Potential energy
greater than 1.23 eV should be sufficient to split water. However, the actual
required energy is considerably greater due to the different kinetic and
thermodynamic non-idealities in the oxidation and reduction reactions. Therefore,
using a single semiconductor absorber requires a semiconductor with large
energy bandgap to absorb a maximum portion of the solar spectrum.’* This
drawback, can be solved by dual-absorber-four photon (D4) tandem approach

(Figure 21).17°

In PEC tandem device, the cell configuration is composed of two-sided light
absorption electrodes, a p-type photoanode and an n-type photocathode, where
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hydrogen evolution (water oxidization) and oxygen reduction (water reduction)

reactions take place on the photocathode and photoanode, respectively.1’®
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Figure 21: Schematic diagram of PEC water splitting approach using a dual-
absorber tandem cell; Reproduced from ref 179,

The Tandem cell has an improved overall efficiency due to the two different band
gaps used and the high portion of the light absorbed. It shows a theoretical
estimated light conversion efficiency of 18%.1® Tandem cell used a llI-V
semiconducting materials have been shown to perform with efficiencies of 12.4%
under concentrated sunlight.2’” Though, their commercial applications still far to
achieve due to poor stability, high cost and complexity of their fabrication.'”® To
reduce the cost, increase stability, and enhanced the efficiency, several methods
have been proposed.1’>17%-184 Recently, Graetzel et al. reported a perovskite
tandem solar cell based on CHsNHsPbls and achieved solar-to-hydrogen

efficiency of 12.3%.15

2.5.2. PEC/PV Approach

Due to the difficulties in designing PEC tandem cell with sufficient bandgap
energies and band edge positions of photocathodes and photoanodes;
photovoltaic-integrated photoelectrochemical cells are an attractive approach for

mitigating this aspect. In this configuration, the bandgap energy levels in PEC
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cells have no role with the water redox due to PV cells could play the direct role
of potential supply; therefore, there are no limitations on selecting the material
type (Figure 22).180 PV-PEC systems possess many advantages for water
splitting compared with PEC systems, excluding major cost. PV-PEC device has
been developed for the first time for hydrogen production via water splitting in
1998, using a GalnP2/GaAs tandem cell which has achieved more than 10 %

efficiency.’”
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Figure 22: Photovoltaic-integrated photoelectrochemical cells,

Reproduced from ref 1%

Moreover, coupling a WOs/BiVOs4 photoanode with a double junction
GaAs/InGaAsP solar cell, to build a self-operating integrated PEC device,
generated solar to hydrogen efficiency of up to 8.1%.114 The highest efficiency of
PV-PEC approach was recently achieved through the fabrication of an integrated
system with Ni electrodes and multi-junction GalnP/GaAs/Ge solar cell, delivered
solar water splitting efficiency of about 22.4%.18 Despite this high efficiency, the
fabrication of PV-PEC solar cells is complicated and expensive. Without
considering the cost factor, PV-PEC systems are the most viable hydrogen
production method for practical applications. PV-PEC system based hydrogen
production is expected to be primarily used in navigation, military, and aerospace

applications to provide fuel for these special situations.
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2.6. Photocatalytic for Dye Degradation
2.6.1. Mechanism of Photocatalytic Dye Degradation

The term “photocatalytic degradation” involves photogenerated photons and a
catalyst. Under light irradiation, the photoelectron is excited from the filled valence
band to the empty conduction of a photocatalyst. This process leaves behind a

hole in the valence band. The photogenerated holes then react with water to

produce OH’ radical as shown in Eq.(4),

H,0+ h*(v8) —— OH' + HT (4)

The formed OH: radical on the semiconductor surface is a very powerful oxidizing
agent. It can attack adsorbed organic molecules that are close to the catalyst
surface causing them to mineralize to an extent according to their structure and
stability level.®” Moreover, It can also attack microorganisms for their enhanced

decontamination.188

2.6.2. Nanomaterials for Photocatalytic Dye Degradation

The use of nanomaterials in photocatalytic dye degradation was initially
considered after the discovery of the phenomenon of a photocatalytic water
splitting on a TiO2 electrode under UV irradiation by Honda and Fujishima in
19727, In particular, TiO2 shows excellent performance for photocatalytically
breaking down organic compounds. For example, suspend a catalytically active
TiO2 powder into a shallow pool of polluted water and allows it to be illuminated
with sunlight, the water will gradually become purified.'® Since then,
semiconductor photocatalysts have attracted considerable attention due to its

promising applications in water purification.
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The ideal photocatalyst should be stable, non-toxic, inexpensive and, of course,
highly photoactive. Other primary criteria for the degradation of organic

compounds are that the redox potential of the H20/"OH couple

(OH- —'OH + e—; E® = - 2.8 V) should lies within the bandgap of the
semiconductor.'® Several semiconductors (e.g., TiO2, ZnO, SnOz2, In203, WOs3,
and CdS) can act as photocatalysts for photocatalytic degradation of organic
compounds because of their unique electronic structure and sufficient bandgap
energies.®1-194 Most researchers have earlier used these photocatalysts in a
nanoparticles powder form dispersed in industrial water for the photodegradation
of organic pollutants. Nanoparticle powders are particularly effective since their
small size allow them to readily mix with the contaminated solution and have a
high surface area. However, low recovery of the nanoparticles is challenging,
which makes their use in these applications potentially cost-prohibitive.1®®
Moreover, there is a possible leaking of photocatalyst powder into the
environment. In order to overcome these problems, an alternative technique is
used where the photocatalyst is presented as a thin film on a solid substrate.%
The thin film structured based nanomaterials appears to have lots of potential in
photocatalytic applications. It can solve the recyclability and tedious treatment

issues of powder photocatalysts.

2.6.2.1. TiO2

Among the various photocatalytic materials, the titanium dioxide (TiO2) has been
extensively studied as a semiconductor photocatalyst due to its physical and
chemical properties such as stability, chemical inertness, lower cost, strong
oxidizing power, high photosensitivity, resistance to corrosion, and

nontoxicity.1°6-1%° Due to its wide band gap (3.2 eV) ,the titanium dioxide thin film
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has been intensively employed for several applications including photocatalytic
degradation of organic compounds such as methylene blue2°%29t, phenol?®,
rhodamine B 2°?, and methyl orange.??? However, TiO2 can only be activated by

UV light (A<400nm) which limit its application in environmental remediation.

2.6.2.2.Zn0O

Zinc oxide (ZnO) is a wide band gap semiconductor (3.2 eV) with attractive
properties including high transparency in the visible wavelength, a high
piezoelectric constant, a large electro-optic coefficient and a large exciton binding
energy (~ 60 meV) at room temperature.?%? Several studies have recently focused
on ZnO materials because of their potential applications in solar cells, gas
sensors, and piezoelectric.2°42%5 Moreover, ZnO has been widely investigated as
one of the most representative photocatalysts for degrading of organic
compounds.?®®> Many researchers have been employed ZnO thin film in
photocatalytic degradation of organic dyes such as methylene blue 206207
rhodamine B2%, and methyl orange?®. However, photo-corrosion is a major
concern for ZnO thin films which could limit their use in environmental

remediation.
2.7. Literature Review Concluding Remarks

This literature review has investigates the basic principles, mechanism,
materials and most current methods of photoelectrochemical water splitting for
solar fuel production and for photocatalytic dye degradation. Many
semiconducting materials have been investigated for photoelectrochemical water
splitting and photocatalytic water treatments. However, to perform high-efficiency
solar water splitting and photocatalytic dye degradation, it is necessary for the

materials used to satisfy three conditions. They should have an appropriate
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bandgap energy, a suitable position of the bandgap, and chemical stability. In
order to induce the water decomposition reaction, the conduction band (CB) and
valence band (VB) above the water reduction level and below the oxidation level
of water. At present, most materials did not fulfil these requirements for water
splitting. Some materials such as sulphide face a stability issue which limits their
use in hydrogen generation. Moreover, with nanoparticle powders, there are
issues of recollection and their toxicity to the environments may hinder their use
in the photocatalytic application. The need to design highly efficient materials that
can generate hydrogen is of vital importance. Also, there is a need to design and
develop a stable and visible light absorbing materials for photocatalytic
application. The summary of this literature review can be outlined in the following

points;

e PCs system is limited by recyclability and toxicity issues.

e PECs required stable semiconductors materials.

¢ More research is done on n-type materials as photoanodes.

e P-type stable photocathodes are not much investigated.

e There is a potential to use metal ferrites as suitable materials for hydrogen

generation and dye degradation.
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Chapter 3: Characterization and Experimental
Techniques

This chapter outlines the characterization techniques used for this project. It also

discusses in details the theory behind each technique.

3.1. X-Ray Diffraction

X-ray diffraction (XRD) is probably the most essential and widely used
technique of characterising crystalline solids materials. XRD can be used to
determine the atomic structure of a crystalline material since the wavelength of
an X-ray, (~0.1-100 A), is similar to the interatomic distances in a crystal, allowing
crystal structures to diffract X-rays with an angle equal to the angle of incidence.!
When the X-ray incident upon a sample it can either be transmitted, or it will be
scattered by the electrons of the atoms in the material. When two parallel X-rays
scatter from two adjacent planes of atoms within the crystal, they can either do
so constructively or destructively depending on their phase. Constructive
interference occurs when two X-ray waves with phases separated by an integer
number of wavelengths add to make a new wave with a larger amplitude, Figure

23.

X-ray 1

X-ray 2

Figure 23: Schematic representation of diffraction of X-ray by crystal (Bragg’s
Law).
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The relationship between the wavelengths of the incident X-rays, the angle of
incidence and distance between the crystal lattice planes of atoms is described

by Bragg’s Law:

nA=2dsin® (5)

where n order of reflection, A is the wavelength of the X-ray, d is the distance
between the layers and 0 is the angle of incidence beam. Since the crystal atoms
are arranged in a periodic fashion, the diffracted waves will consist of sharp
interference peaks with the same symmetry as in the distribution of crystal atoms.
Measuring the diffraction pattern, therefore, allows the determination of the
distribution of atoms in a crystal. The main application of XRD is to identify and
quantify of different compounds and phases in the sample by search and match

it with the extensive databases available.

3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique that uses a focused high
electron beam to scan rapidly over the surface of the sample to obtain high-
resolution images of the surface. While an optical microscope cannot go beyond
the limits of the visible range of the spectrum, since our eyes can only detect
photons with wavelengths greater than = 400 nm, a beam of high energy
electrons can be produced with lower wavelength compared to that of visible light.
The wavelength of the electrons depends on their speed, and this depends on
the accelerating voltage applied to them, which is a controllable parameter. Since
the optical microscopes have their resolution limited to about 200 nm, most SEMs

can go down to 10 nm nowadays.

The principle of scanning electron microscope is that: a beam of electrons is

generated by a source into a probe which scans rapidly across the surface of the
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sample in raster fashion. The interaction between the sample and the electron
probe generates various types of emissions, which are captured by different
detectors placed in appropriate position and combined to form images on the
computer screen, Figure 24 .2 Magnetic lens are used to focus the electron beam,
resulting in all the electrons converging in a highly focused beam. This process
occurs inside a vacuum chamber to avoid any interaction between any particles

carried by air and the electrons.
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Figure 24: Schematic diagram of the scanning electron microscope (SEM)

3.3. Energy-Dispersive X-Ray Spectroscopy

SEM is often complemented with energy-dispersive X-ray spectroscopy (EDX),
which used to identify the elemental composition of the features in the SEM
image. This is achieved by detects X-rays emitted from the sample during the
bombardment of the sample by an electron beam.® When the sample is stricken
by SEM electron beam, electron is rejected from the atoms on the sample

surface.
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The rejected electron leave behind a vacancy which filled by electrons from a
higher state and an x-ray is emitted to balance the energy difference between the
two electrons states. The EDX detector measures the abundance of emitted x-
ray versus their energy. When this emitted x-ray strikes the detector they
generate a small current which is converted to a voltage pulse, the size of this
proportional to the frequency of the X-rays. The EDX spectrum is plotted as x-ray
energy versus counts and is used to determine the elemental composition of the

sample.
3.4. Raman Spectroscopy

Raman spectroscopy is a scattering technique and often used as a
complementary technique to XRD in the characterisation of the semiconductor.
It is based on the inelastic scattering of incident radiation through its interaction
with vibrating molecules.* When the sample is illuminated with a light from the
laser beam, it will interact with the molecules of the sample and generates a
scattered light. The scattered light with a frequency different from that of incident
light is used to construct a Raman spectrum. Raman spectra arise due to the
collision between incident radiation and molecules of the sample. When a
monochromatic radiation focused onto the sample, it scatters in all directions after
its interaction with sample molecules. The vast majority of this scattered radiation
has a frequency which is equal to the frequency of incident radiation and give
Rayleigh scattering. Only a small fraction of scattered radiation has a frequency
different from the frequency of incident light and give Raman scattering. Finally,
when the frequency of incident light higher or lower than the frequency of

scattered radiation give the Stokes and anti-Stokes scattering respectively.>®
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These variation on the scattered light is depending on the vibration state of the

material, Figure 25.
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Figure 25: Energy level diagram for Rayleigh, Raman, Stokes and Anti-Stokes
scattered light.

Raman spectra can reveal a wide range of information about a material, including
the crystal structure type and orientation, dopant concentration etc. Raman
bands arise from a change in polarizability during the molecular vibration which
means the observed bands arise from specific characteristic molecular
vibrations.®> The changes in energies of these transitions can be plotted as a
spectrum, and they can be used to identify the material and provide a “molecular
fingerprint” of the material being observed. Raman spectrum is presented as an

intensity versus wavelength shift.
3.5. Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscope technique to
explore the topography of the surface of a material. AFM used to measure the

force or potential energy between a small tip attached to the cantilever and a
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sample, Figure 26.” When the tip attached to the cantilever come close to the
surface during with scanning of the sample, Van der Waal forces attract it closer
due to the formation of temporal dipoles in the electronic clouds of both the tip
and the sample. When the tip touches the surface of the sample, the repulsive
coulombic forces overcome the attractive ones and pushing the tip away. This
repulsion and attraction effects between the cantilever tip and the sample surface
result deflections in the cantilever, which behaves like a spring. This deflection

can be calculated by Hook’s law;
F=-kz (6)

where F is the force, k is the spring’s constant and z the cantilever deflection.

photodiode

laser beam

cantilever

Atomic Force
Microscope (AFM)

sample surface and tip

Figure 26: Diagram showing the main components of an atomic force
microscope.

AFM enabled to detect hollows and raising features as the cantilever tip moves
across the substrate surface, obtaining a topographic map of the sample surface.
The detection system is based on a laser beam that is focused onto the back
reflective surface of the cantilever: any deflections on the cantilever result in an
also subtle change in the direction of the reflected beam, which is collected by a
position-sensitive detector. The sample is attached to a holder that is moving in

the plane perpendicular to the cantilever, allowing to scan the whole surface of
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the sample. The tip of the cantilever is usually made of silicon and it is either
pyramidal or tetrahedral in shape. The sharper the tip, the higher the resolution

of the AFM image.
3.6. Ultraviolet-Visible Spectroscopy

Ultraviolet and visible (UV-Vis) Spectroscopy is one of the most popular analytical
techniques that use light and ultraviolet to analyse the chemical structure of the
substance, figure 27. UV-Vis used to measure the attenuation of a beam passing
through a sample or reflected from the sample surface. When a sample is
exposed to the light of wavelength with energy that matches the energy difference
between a possible electronic transitions within the molecule, a fraction of the
wavelength will be absorbed by the molecule and the electrons would be into a
more excited energetic state. Then, a spectrometer will records the degree of
absorption by a sample at different wavelengths and the resulting plot of
absorbance (A) versus wavelength (A) is known as a spectrum. Absorption
measurements can be at a single wavelength or over an extended spectral range.
The UV-Vis used in this work is PerkinElmer lambda 1050 spectrophotometer

with 150mm integrated InGaAs sphere.
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Figure 27: Schematic diagram of UV-Vis spectroscopy °
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3.7. Substrate Preparation

As mentioned in the literature, incorporating the nanomaterials onto a solid-
state substrate is a promising solution in order to overcome the limitation of
nanoparticles powder. To do this, transparent conductive materials are used in
our work to prepared thin film electrodes. They are totally transparent and coated
with conductive thin film onto one side of it. The transparent conductive substrate
used in our work is Fluorine doped tin oxide (FTO). FTO is a mechanically,
chemically and electrochemically stable under atmospheric condition, and it has
high-temperature resistance. 8 Before using it in our experiments, FTO needs to
be cleaned in order to remove the debris present on the substrate during the
fabrication, in addition to removing grease from the physical handling of the glass.
Cleaning of FTOs was done by bath sonication for 15 min in distilled water,
acetone and ethanol as solvents, respectively. After sonication in one solvent,
FTOs were rinsed thoroughly, dipped in the next solvent and sonicated for 15
min. After completion of sonication, FTOs were washed in ethanol and dried at
100°C in the oven. FTO slides were cut manually, using a diamond-edged glass
cutter. The size of the FTO was dependent on the precise deposition technique

and the final use of the samples.

3.8. Sol Gel Method

The sol-gel method is a common chemical synthesis approach to produce high
purity materials shaped as powders, thin film coatings, fibres, and self-supported
bulk structure.® It mainly based on inorganic polymerization reactions, initially
used for the preparation of inorganic materials such as oxides gels, glasses and

ceramics at low temperature. This technique attracted attention for a variety of
54



applications due to its low process temperature, ease of use, the ability to obtain

high surface area materials and the homogeneity of the final product.

The sol-gel process, as the name implies, involves the transition of a system
from a colloidal liquid ‘sol’ into a ‘gel’ solid phase.% Usually, inorganic metal salts
or metal organic compounds such as metal oxide are used as precursors.
Basically, a colloidal suspension or a ‘sol’ is formed after a series of hydrolysis
and condensation reaction of the precursors. Then the sol particles condense into
a continuous liquid phase (gel). By drying and heat treatment, the ‘gel’ is
converted into dense ceramic or glass materials.! Due to the ability to adjust the
viscosity of a sol into a suitable viscosity range, ceramic fibres can be fabricated

from the sol.
3.9. Spry Pyrolysis Deposition (SP)

Spray pyrolysis (SP) is a low-cost, simple, non-vacuum technique for
deposition of large area thin films with relatively low production cost and
technological abilities for mass production.'?13 Spray pyrolysis does not require
high-quality substrates or chemicals. The SP method has been employed for the
deposition of dense films, porous films, and for powder production.'* Even multi-

layered films can be easily prepared using this versatile technique.

This deposition method is based on an ultrasonic-aided generation of an
aerosol of fine droplets, further blown onto a pre-heated substrate where the thin
film is formed. The SP set-up consists of an atomizer, which generates very fine
droplets of a precursor solution, a substrate heater, a temperature controller and
a solution container (see Figure 28). In the SP method, no high temperature is

required during the deposition process, therefore the deposited samples required
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heat treatment in the oven at high temperature to obtain crystalline thin film

materials.
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Figure 28: Schematic diagram of a spray pyrolysis deposition technique.®

3.10. Aerosol-Assisted Chemical Vapour Deposition (AACVD)

AACVD is a simple and cost-effective method for deposition of the thin film.
AACVD based on the atomization of a suitable metal precursor into an aerosol of
fine droplets that are distributed through-out a gaseous medium.>. AACVD
technique consists of a setup of several multi-necked flasks, an aerosol generator
(humidifier), and a heater (see Figure 29). In principles, the generated aerosol
transported from the precursor flask through delivery tube supported by a carrier
gas to a trap round flask, where the large particles trapped leaving only the small
particles enclosed by fine droplets aerosol. This fine droplets aerosol
subsequently transported into a heated reaction chamber, where the solvent
undergoes rapid evaporation and/or decomposition, resulting in nucleation,
reaction and film growth. AACVD can generate an aerosol from a variety of
precursor with high-quality products. It can perform a high deposition rate and
operate under low pressure in an open atmosphere without a chamber. AACVD

can deposit a sample at a high temperature without the need for heat treatment.
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Figure 29: Schematic diagram of aerosol-assisted chemical vapour deposition
method.*!

3.11. Gas Chromatography

Gas chromatography (GC) is a separation technique in which the components of
a gas sample are separated as a function of their retention coefficients in a liquid
or solid stationary phase held in a column. A GC system is composed of four
major components: carrier gas supply, sample injection system, column, and
detector (see Figure 30). In GC, a gas sample is introduced into the mobile phase
through an injector using calibrated micro-syringe. Since the sample have to be
introduced into the gas phase, the temperature of the inlet system of the GC can
be controlled from lower than 0°C to avoid the loss of the very volatile components
of samples to over 300°C to volatilise the components that have very low
volatility.'® All the separated components travelled through the column and
reached to the detector at different times depending on their retention coefficient.
Some GC instruments have a thermal conductivity detector that can sense the
changes in the thermal conductivity of the separated gas coming out of the

column and then compare it to a reference flow gas which Argon in our case.

The detector sends a signal to the computer and plotted as a function of time
so that each component appears in the GC as a peak at a specific time. Each
component peak has an area that correlated with the % of that gas in the
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headspace of the electrochemical cell. Finally, these percentages are then
translated into a number of moles. The GC used in this work is Gas

chromatography (GC) (PerkinElmer Clarus 580).
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Figure 30: Schematic diagram of gas chromatography.

3.12. Photoelectrochemical Measurements

Photoelectrochemical measurements (PEC) have been performed in specially
design three electrodes cell made from quartz (see Figure 31). This three-
electrode configuration consists of the prepared film sample as the working
electrode, a Platinum wire counter electrode and an Ag/AgCl as a reference
electrode. During the measurements, the cell was filled with electrolyte in a way
that the total area of the deposited film was covered with electrolyte to obtain
better performance, at the same time the electrolyte not touching the crocodile

clips that holding the sample to avoid short circuit issues.
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Figure 31: Three-electrode configuration photoelectrochemical cell.

PEC measurements were performed using PGSTAT12 potentiostat
(Metrohum Autolab) under illumination of an AM 1.5 using a solar simulator with
100 W ozone free Xenon lamp equipped with an AM 1.5 filter (Oriel LCS-100,
Newport). Most experiments were conducted in aqueous NaOH solution
electrolyte with different concentrations depending on the thin film material. In my

work, | used 1M to test Bi2WOs and a-Fe20s thin films and 0.1M for testing YFeOs.

Linear sweep voltammetry measurements are used to perfume photocurrents
measurements and present it as photocurrent —potential (J-V) curve. The type of
semiconductor film can be immediately suggested from the sign of the (J-V)
curve; cathodic photocurrents — p-type or anodic photocurrents — n-type. The
flatband potential can be obtained from the onset of the J-V curve. In
photocurrents measurements, the potential of the working electrode is scanned
with a constant scan rate to one direction in a potential window, while the surface
of the working electrode is irradiation with pulsed or continues light.
Then, the photocurrent generated by the light source is recorded with respect to

the applied voltage.
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Chronoamperometry measurements technique is used to investigate the
stability of the synthesized photoelectrodes. A constant bias potential is applied
to the working electrode (typically at which the photocurrent is high enough)
followed by the periodic illumination of its surface with a light simulator. Long-
term measurements are performed under continuous irradiation to obtain
photocurrent transient at a certain potential, while short-term measurements are

performed under chopped light irradiation.

Electrochemical Impedance Spectroscopy (EIS) measurements are used to
study the effect of the composition of the nanostructured film on the electric
properties. EIS works by applying a sinusoidal potential modulation at different
frequencies.'” The resulting impedance is then measured as a function of a
frequency of the applied potential. The experiment is then typically repeated at
potentials range to acquire a complete understanding of the system. EIS data
were acquired using the Nova Software of the Autolab Instrument. Analysing EIS
data is commonly performed by fitting it to an equivalent electrical circuit model
(see Figure 32) consisting of electrolyte resistance and serially connected to the
capacitance of double layer which is in parallel with the resistance of the charge

transfer and Warburg impedance.®

R

Figure 32: Electrical equivalent circuit for EIS measurements.
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Mott-Schottky measurements are used to estimate the flat band potential Vi of
the photoelectrode.  When applying a potential to the photoelectrode, the
potential across the semiconductor electrolyte junction will increases. Under
depletion conditions, there are only few charge carriers at the interface while
under accumulation conditions the concentration of charge carriers rises resulting
in the interfacial capacitance increases. Flatband potential can be estimated by
measuring the photoelectrode capacitance (C) as a function of electrode potential
(E). The capacitance as a function of the electrode potential (E) can be

determined by Mott-Schottky equation:

&= e (V= Vo = ) ()

eggA2eNp e

Where C is the interfacial capacitance, ¢ is the dielectric constant of the
electrode, ¢, the permittivity of the vacuum, A is the area of electrode, Np is the
number of donors, V is the applied voltage, Vi is the flat band potential, kg is
Boltzmann’s constant, T is temperature and e is the electronic charge. Thus, a
plot of 1/C? with respect to applied potential V should lead to a straight line from

which Vi can be determined from the intercept with the x-axis.
3.13. Hydrogen Generation

Hydrogen generation experiment was performed using custom-made glass
reactor vessel (see Figure 33) with an attached fused silica viewport containing
0.1 M NaOH (pH 13) electrolyte with a dead space of 100ml (total vessel volume
is 520ml). The sealed vessel has three-neck on top of it, two of them have a
working electrode and a Platinum mesh connected by a single outer wire and the
third one is sealed with plastic stopper for taking a test sample by calibrated
micro-syringe. Before illumination, the vessel was purged with argon for 2 hours

with gentle heating and stirring to remove atmospheric air from the system. The
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photoelectrode inside the sealed vessel was subjected to light illumination from
the silica viewport side. Hydrogen samples have been taken out every hour using

the sample syringe and analysed using gas chromatography (GC).
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Figure 33: Hydrogen generation reactor

3.14. Dye Degradation

Dye degradation experiments were performed in a quartz cuvette reactor
containing 60ml of a dye solution. Prior to irradiation, the electrode was in the dye
solution under a dark condition for 30 min to establish an absorption/desorption
equilibrium between the dye solution and the electrode. Then, the sample was
clamped and immersed into the dye solution and subject to light irradiation. A
solar simulator is used to illuminate the sample from the film side. During the
reaction, the given amount of the dye solution was sampled at certain time
intervals to check the degree of degradation, which was done by measuring the
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absorbance at a certain wavelength as a function of reaction time. After the
measurement, the dye sampled was returned to the reactor to keep the total
volume of the reaction roughly equivalent. Different dyes have been used in this

work to investigate the photocatalytic activity of the prepared photoelectrode.
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Chapter 4: Unassisted Solar Water Splitting Using
Stable YFeOs Photocathodes

Recently, significant efforts have been made to generate H2 using unassisted
PEC system. The core-shell WOs/BiVO4/CoPi heterojunction produced
102umol/h with GaAsP photovoltaic and yield photocurrent of 6.56mA cm™, 1
Photocell devices containing a p-LaFeOs photocathode and n-Fe203 photoanode
have generated 11.5 pmol/h of hydrogen without photovoltaic assistance.? Also,
single oxide materials have been investigated for PEC water splitting. a-Fe203
has been reported to generate unassisted H2 from water, only after dope it with
Pt. 3 LaFeOs photoelectrode has been demonstrated to generate unassisted Hz
and 0.18 ymol/cm? of hydrogen is reported. However, its low photocurrent hinder
its PEC hydrogen evolution, where the amount of hydrogen decreased to half
after the second cycle of the water splitting test. Along with PEC water splitting,
YFeOs has been investigated in water remediation*®, and photochemical
hydrogen evolution® using powder sample. A recent study investigated YFeOs as
photocathode in PEC water splitting, however, it suffers from low photoresponse
and poor carrier mobility due to the lack of a sophisticated fabrication technique

for high quality nanostructured thin films. *

To the best of my knowledge, | report for the first time the fabricated of
nanostructured YFeOs photocathode for spontaneous hydrogen production from
water without external applied bias. The YFeOs photocathode was fabricated by
spray-pyrolysis technique, a novel, inexpensive and scalable method, to create a
stable thin film p-type semiconductor material which displays an ideal band

structure with band edges above and below the redox potential of water. The
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fabricated photocathode achieved excellent PEC performance and high stability

under redox water.

4.1. Experimental

4.1.1. Optimization of Fabrication Parameters of YFeOs

As the aim of this work is to fabricate YFeOs material for hydrogen generation,
optimization of fabricated methods to obtain the crystalline phase of the material
Is essential. Fabrication of YFeOs starts with the sol-gel method to investigate the
optimum annealing temperature to obtain a crystalline form of the YFeOs
nanoparticles. Once the optimum annealing temperature is optimised, it will then
use to synthesise the YFeOsin a form of a thin film to overcome the limitation of

YFeOs nanoparticles applications.

4.1.2. Synthesis of Pure YFeOs by Sol Gel

A sol-gel method described in section 3.8 was used to fabricate pure YFeOs
powder. Fe (NOz3)3-9H20 (0.1mole) and Y (NO3z)3-5H20 (0.1 mole) was dissolved
in 25ml distilled water and mixed in a stoichiometric ratio of Y: Fe =1:1. Citric acid
was then added as a complexing agent to the above solution to yield a Y:Fe:CA
ratio of 1.1:4. The solutions stirred for 2 h at room temperature to ensure the
complete chelating of metal ions. The resulting solution then heated at 80°C
under stirring to evaporate the liquid phase and formed a sticky gel, followed by
drying at 120°C for 24 h to obtain a yellowish green solid. The dried gel was
grounded and calcined in the muffle furnace at different temperatures (600°C,

700°C and 800°C) for 6h to form the nanocrystalline powders.
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4.1.3. Fabrication of YFeOs by AACVD

AACVD method described in section 3.10 was used to fabricate YFeOs thin film.
In a typical deposition, 20 mL of deposition solution described above section was
taken in a 50 mL round-bottom flask and placed above the ultrasonic humidifier.
Air at a flow rate of 120 mL/min was used as the carrier gas to transfer the aerosol
from the solution flask to the trapped flask. The generated aerosol droplets of the
precursor were transferred into the hot wall zone of the reactor by another carrier
gas with a flow rate of 300ml/min. The substrate was aligned on the hotplate so
that aerosol reaches the FTO glass substrate and falls vertically from the top. The
substrate was heated up to the deposition temperature for 20 min before the

deposition starts.

4.1.4. Fabrication of YFeOs by Spray Pyrolysis

The YFeOs photocathodes were prepared by spray pyrolysis. Iron (acac)s (5
mmoles), Y(NO3)s. 6H20 (5 mmoles), and DTAB (5 mmoles) were dissolve in
200ml methanol. A few droplets of polyethylene glycol (PEG) were added to the
prepared solution and stir it at 60°C for 5 min. Once it cold down, the solution
used for spray pyrolysis. Fluorine-doped tin oxide (FTO) glass was cleaned
according to the cleaning procedure described in section (3.7) in the experimental
chapter. The precursor solution was sprayed at 200°C via a syringe pump (New
Era Pump Systems NE-1000), an ultrasonic atomizer nozzle (Sonozap) 1mm
diameter and a vortex attachment. A certain amount of prepared solution was
sprayed on to the FTO at a rate of 1ml/min assisted with compressed air at a rate
of 4Lmin™1. The prepared sample was annealed at different temperatures for 3

hours.
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4.1.5. Characterization

X-ray diffraction (XRD) was acquired using Siemens D5000 diffractometer using
a Cu Ka radiation. 40kV/ 40mA, 0.02 °26 step and a scan time of 2.5 seconds per
step) in the range of 20-80 °26. The surface morphology and composition of the
thin film was characterized using a high-resolution scanning electron microscope
(SEM, TESCAN VEGAB3). Film thickness was characterized using a focus ion
beam (FIB, NOVA NanoLab FEI 600 dual beam FIB-SEM). Optical absorption
measurements were acquired using a spectrophotometer (PerkinElmer lambda
1050 with 150mm integrated InGaAs sphere. The Raman shift pattern was
obtained using the Renishaw RM1000 (Renishaw plc, Gloucestershire, UK) with

a 532 nm Ar ion-laser.

4.1.6. Photoelectrochemical Measurements

The photoelectrochemical (PEC) measurements of YFeOs photoelectrode was
acquired in 0.1 M NaOH electrolyte (pH 13) using Metrohm Autolab potentiostat
under chopped light using a 100 W ozone free Xenon lamp equipped with an AM
1.5 filter (Oriel LCS-100, Newport). The light intensity was 1 sun illumination (100
mW cm3). A liner sweep voltammetry (LSV) was scanned in the positive to a
negative direction between the ranges of +0.3 V to -0.7 V vs Ag/AgCl.
Chronoamperometric (CA) measurements of YFeOs were performed over a
period of 6 hours with periodic light chopping. The sample was illuminated from
the film side for 30 minutes and another 30 minutes in dark conditions. This was
conducted in a standard 3 electrode system in ambient temperature. All the
potentials described in this study refer to the reversible hydrogen electrode (RHE)
potential, which was calculated according to following the formula: VrHe = Vagiagel

+0.197+0.059*pH.

68



4.1.7. Hydrogen Evolution Measurements

Hydrogen evolution measurements were carried out using gas chromatography
(GC) (PerkinElmer Clarus 580). A custom-made glass reactor vessel (see Figure
33 in section 3.13) with an attached fused silica viewport containing 0.1 M NaOH
(pH 13) with a dead space of 100ml was purged with argon for 2 hours with gentle
stirring to remove atmospheric air from the system. The sealed vessel contained
the working YFeOs electrode connected to a Pt mesh by a single outer wire and
was subjected to light illumination for the water splitting reaction. GC

measurements were taken every 1 hour.

4.2. Results and Discussion

Sol-gel method has been used to fabricate of a crystalline single phase of
YFeOs. Figure 34, shows XRD patterns of the prepared YFeOs powder at various
calcination temperatures. There is no observable peak in the sample annealed at
600°C, indicating the amorphous form, while sample annealed at 700°C shows
characteristic XRD peaks without observable impurities according to JCPDS no.
48-0529. All peaks were corresponding to a hexagonal phase of YFeOs. As the
calcination temperature further increases to 800°C, single orthorhombic YFeOs

(JCPDS no. 39-1489) were obtained.
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Figure 34: XRD patterns of YFeOs samples obtained at different calcination
temperatures.

The XRD results confirmed that crystalline phase of YFeOs can be obtained at
high calcination temperature (>600°C), where no YFeOs peaks could obtain
below this temperature. This result is in good agreement with previous XRD

results described elsewhere.8

Based on the above observation, | attempt to use the formed sticky gel to coat
FTO glass to fabricate photoelectrode for water splitting process. Doctor-blade
coating technique has been used to coat the film. The coated film then annealed
at different temperatures (600°C, 650°C and 700°C). It's observed that the
sample annealed at 600°C has cracked coated film and not uniform. This can be
due to the gases generated during the heating process were suddenly evolved in
the coated film, leading to bubbles, cracks or delamination.® Further increase in

the annealing temperature leads to the melting of the substrate.

To overcome this drawback, | tried to use the aerosol-assisted chemical vapour
deposition (AACVD). This deposition method is based on an ultrasonic-aided

generation of an aerosol, further blown onto a pre-heated substrate. With this
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method, it's expected to coat the surface with particles that progressively undergo
thermal decomposition, therefore avoiding a brisk gas evolution and associated
cracking of the dried film. As expected, the coated film was uniform,
homogeneous and adherence to the substrate. However, deposition of the
coated film at a high temperature (>600°C) is required to obtain a crystalline
phase of YFeOs. Since the maximum deposition temperature of AACVD is around

500°C, synthesis crystalline phase of YFeOs by this method was unsuccessful.

An alternative method to synthesise crystalline phase of the YFeOsfilmis based
on two fabrication processes, where the film coated first at low temperature
followed by heat treatment at high temperature. A simple, low cost and rapid
spray pyrolysis technique has been used, where fine droplets of liquid precursor
are sprayed onto a heated substrate. This technique is very sensitive to the
surface temperature. Both structural and optoelectronic properties of the coated
film can change significantly if deposited at different surface temperature.’®When
the deposition temperature is too low, the precursor’s droplets only evaporates
and decomposes on the substrate. If the deposition temperature is increased, the
solvents will evaporate before hitting the substrates leaving the precipitate to
decompose on the substrate. With further increase in the temperature,
decomposition will take place in the vapour phase where solvents completely
evaporate and form solid particles before hitting the substrate. This high
temperature resulted in powdery ash which will have poor adherence to the FTO

substrate.

Spray rate is another parameter that could affect the morphology of the thin
films deposited using spray pyrolysis. Higher spray rate results in the formation
of rough films. It has already been reported that films deposited at lower spray

rates are uniform and thinner due to higher re-evaporation rate.!! Also, there are
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reports saying that changes in spray rate could affect properties like surface
morphology, crystallinity, resistivity and even thickness. It is generally observed

that lower spray rate favoured formation of better crystalline films.*!

From our experience with spray pyrolysis deposition, its observed that uniform
films have been started obtaining from substrate temperature 200°C onwards and
spray rate below 2ml/min. So the substrate temperature is maintained at 200°C
and spray rate at 2ml/min. The substrate size used in this work is fixed at 3X3
cm. These parameters are fixed for all thin flms samples fabricated by spray
pyrolysis. All the spray parameters are listed in table 1. Synthesis YFeOs film by

SP method has been discussed in details in the following section.

Table 1: Summary of the spray pyrolysis parameters

Substrate type Fluorine-doped tin oxide (FTO)
Substrate size 3x3 cm
Temperature of the heating device 200°C
Liquid flow rate 2ml/min
Heating rate 2°c/min
Final temperature 600°C
Calcination time 3h

4.2.1. Characterization

XRD was used to study the crystallinity of the YFeOs film. To do this, YFeOs

films were sprayed at 200°C and then annealed at a different temperature from
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500°C to 700°C with an increment of 50°C (see Figure 35). It's observed that at
low temperature, the XRD peaks for YFeOs was not detected at 500°C. The
YFeOs XRD peaks start appearing at 550°C and become more crystalline with
the increase in temperature. The sample annealed at 600°C tend to have more
crystalline peaks, which considered as the optimal sample for rest of
characterization and measurements. Additional investigation to study the
crystallinity of the sample is to do XRD for the sample before and after
measurements. The XRD patterns (see Figure 36) represent the crystalline
phase of YFeOs before and after H evolution test to investigate any texture
change. Peaks marked with * symbol represent FTO substrate, where the other
three peaks, namely, [100], [103], and [121] provides further evidence for the
existence of YFeOs (JCPDS no. 00-048-0529). Strong FTO peaks comparing to
small YFeOs peaks due to the small thickness of the YFeOs film, therefore, no
new phase is detected. There is no crystal structure change after hydrogen

evolution test which indicates the high stability of the YFeOs film.
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Figure 35: XRD pattern of YFeOs thin film at different annealing temperature.
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Figure 36: XRD pattern of YFeOs thin film deposited on FTO glass substrate
before and after H evolution test: * symbols indicate the peaks from FTO glass,
and the others are related to the YFeOs film.

Figure 37 shows the Raman spectrum of YFeOs which is in good match with
literature data'?13 . The pattern shows the structural phase of the film before and
after hydrogen test. It shows that there is no change in the structure phase of the
film after the hydrogen test. This result is well agreed with the XRD pattern, which
provides strong evidence that the film has high stability and does not degrade
into iron oxide and Yttrium oxide. The vibration mode around 221 cm (A1) is
assigned to FeOs octahedral. Other peaks are related to Fe-O bonds (282 cm™
(B1g), 334 cm™ (Bzg), 420 cm™ (A1g), 498 cm™ (Bsg)), and Y-O bonds (146 cm™
(A1g), and 178 cm (A1g)*?. The strong peak at 650 cm™ arises from the two-
phonon process may be due to crystal disorder'3. The peak at 1302 cm™ can be
attributed to the vibration of magnetic Fe3* ions, which is well agreed with other

reports for YFeQ3z415,
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Figure 37: Raman spectrum of YFeOs electrode, before and after hydrogen test.

Surface morphology of YFeOs film annealed at 600°C before and after the
hydrogen evolution was investigated (see Figure 38a and b). SEM provides clear
evidence that the nanostructure of YFeOs retains its uniformity and good
interconnection between the crystal grains. Figure 38c shows the cross-section
of the film with approx. 270nm thickness. The similarity in uniformity and
interconnection between the crystals before and after the test are also confirmed

by AFM images presented in Figure 39.
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Figure 38: (a) SEM of YFeOs thin film before hydrogen evolution test, (b) after,
(c) cross section of YFeOs film.

Figure 39: AFM images of YFeOs electrode, (a) before and (b) after hydrogen
test.
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Figure 40 shows the EDX of YFeOs indicating the Yttrium, iron and oxygen peaks,
which confirming the composition of the materials and well match it with the XRD
patterns. Figure 41 shows the element mapping of homogeneously mixed of

Yttrium and iron in the YFeOs film, which confirmed the uniformity of the film.

2.5pm 2.5pm

Figure 41: EDX of YFeOs showing the distribution of yttrium and iron in the film.
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4.2.2. Photoelectrochemical Analysis

The photoelectrochemical (PEC) performance of YFeOs photocathodes was
measured in a three-electrode cell device as working electrodes to observe their
PEC photoresponse under AM 1.5G simulated solar light irradiation. A platinum
wire electrode, Ag/AgCl electrode, and 0.1 M NaOH (pH 13) were also employed
in the cell as a counter electrode, reference electrode, and electrolyte,
respectively. The photocurrent density (J) is plotted against applied bias potential
(V) (see Figure 42). The steady-state photocurrent onset estimated from the J-V
plot was at 1.34V vs RHE. The photocurrent density rises up to approximately
0.6 mA cm=at 0.5 V vs. RHE, while no dark current was observed between the

potential ranges.
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Figure 42: Photocurrent —potential (J-V) curve of YFeOs under chopped light in
0.1 M pH NaOH. The J-V plot in the inset shows photocurrent onset.

A chronoamperometric test of the YFeOs photocathode was carried out to
investigate its stability under illumination and dark conditions. The stability test
was performed in a NaOH electrolyte solution 0.1M (pH 13) at a constant potential

of —0.3V over a period of 6 hours under chopped light, where the film was
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illuminated for 30 minutes and another 30 minutes in dark conditions (see Figure
43). From the stability test, it is observed that the current density increased during
the test and remain still after 2 hours until the end of the test, which indicated the
high stability of the YFeOs photoelectrode. In addition, long-time stability under a
dark condition for 21 hours confirmed the high stability of the photoelectrode (see

Figure 44).
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Figure 43: Chronoamperometry test of YFeOs under chopped light at —0.3V vs
Ag/ AgCl.
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Figure 44: Chronoamperometry test of YFeOs under dark condition at —0.3V vs
Ag/ AgCl.
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Annealing temperature and spray amount have been investigated to optimise
the best fabrication conditions of YFeOs photoelectrode. Figure 45 shows that the
photocurrent density starts increasing with the increase of annealing temperature
and reaches the optimum level at 550 °C. Meanwhile, the photocurrent
decreased significantly with further increase in the annealing temperature. The
decrease in the photocurrent at the lower temperature (<550°C) can be due to
incomplete decomposition and sintering of film respectively'. While at high
temperature (> 600°C), the FTO glass substrate starts to melt which leading to

defect in the YFeOs film.
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Figure 45: Photocurrent —potential (J-V) curves of YFeOs at various annealing
temperatures.

The relation between photocurrent density and the amount of spray solution
/time were investigated (see Figure 46). In addition, the relation between the
amount of spray solution /time and the electrode thickness is observed during the
experiments. The sample sprayed by 10 ml of solution is relatively thin and
shows the lowest photoresponse. The photocurrent density increases with the
increase of spray time and reaches the maximum at 30 ml spray amount and then

start to decrease. The sample which showed the maximum photocurrent density
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had a thickness of approx. 273 nm and corresponds to 30 ml spray solution/30
minutes of spray time (based on 1ml/min spray rate). Low photocurrent density
in the electrode with higher thickness most likely due to the photogenerated
charges required to travel more before collecting at the FTO substrate, which

makes the charges slow and trapped within YFeOs photoelectrode?!’.
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Figure 46: Photocurrent —potential (J-V) curves of different film thickness.

4.2.3. Optical and Electrochemical Measurements

The optical absorbance properties of YFeO3s were investigated to help determine
the materials band gap. The absorbance spectrum for the YFeO3s photoelectrode
was performed between the ranges of 350— 800 nm (see Figure 47). The
recorded optical spectrum was used to determine the bandgap energy of YFeOs

photoelectrode. The optical bandgap (Eg) can be calculated according to the

following equation:
ahv = Aq(hv-Eg)", (8)

where a is the absorption coefficient, hv is the photon energy in eV, and Egq is the
band gap energy. Ao is constants, and n value is equal to 1/2 for direct and 2 for

indirect allowed transitions. Figure 48 shows the Tauc plot of ahv vs. hv for
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YFeOs photoelectrode and the direct bandgap of 2.45eV was estimated, where
the red line intersects the x-axis. The bandgap value for YFeOs is in good

agreement with the other works conducted.”-18
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Figure 47: Absorbance spectra of YFeOs photoelectrode.
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Figure 48: Tauc plot of YFeOs showing the band gap energy (EQ).

Electrochemical impedance measurements (EIS) were conducted in order to
determine the semiconductors flat band potential. Figure 49 shows the Nyquist
plot of impedance spectrum of our YFeOs film where the measurements
conducted in a range between 0.6 and 1.5V vs VRHE where the electrode is in
the depletion region and in a frequency range from 100 KHz to 100 mHz. The

Mott-Schottky plot was constructed by using the space charge capacitance
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values estimated by fitting the impedance responses to a Randles circuit and it
shows p-type characteristics of the YFeOs film. The flat band potential of YFeOs
electrode was determined through a linear fit in the linear region of the Mott-
Schottky plot and were calculated to be 1.44V vs RHE (see Figure 50). The flat
band potential agrees well with the photocurrent onset potential measured from

J-V curve.
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Figure 49: Electrochemical impedance plot showing experimental and fitted
impedance data for the YFeOs thin film.
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Figure 50: Mott-Schottky plot of YFeOs thin film.

From the flat band and band gap potentials values, | can construct a band
diagram of the YFeOs electrode corresponding to the water redox potentials (see

Figure 51). The band diagram shows that the valance and the conduction bands
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is able to straddling the redox potential of water with a narrow band gap. These
findings show that the YFeOs photoelectrode is able to generate hydrogen from

water.
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Figure 51: Band diagram of YFeOs electrode vs RHE.

4.2.4. Hydrogen Evolution Measurement

Water splitting experiments were carried out in custom-made glass reactor vessel
(see Figure 33 in section 3.6) attached with fused silica viewport. Figure 52 shows
the hydrogen evolution performance of the YFeOs photocathode in aqueous 0.1
M NaOH solution. Table 1, presents the amount of hydrogen generated at each
hour for 15t and 2" experimental attempts. The YFeOs as working electrode was
connected with a Pt mesh counter electrode by a single outer wire, where no
external bias is applied. Hydrogen was being produced spontaneously during the
water splitting test during the first 6 hour cycle where the photoelectrode
generated 0.41 ymol/cm? of hydrogen after 6hours. The YFeOz photoelectrode
was subject to the second cycle of hydrogen evolution test to investigate the
capability of reuse. After 6 hours illumination, the YFeOs photocathode generated
0.35 umol/ cm? of hydrogen (see table 1). This proves that the film is re-usable,

however, the amount of hydrogen produced is slight decrees. This can be due to
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the electrolyte particles accumulated onto the film surface, which decreased the

amount of light being absorbed by the film.
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Figure 52: Hydrogen generation by YFeOs electrode in an aqueous 0.1 M
NaOH.

Table 2: Hydrogen amounts generated (umol/ cm?)

0 0.04 0.12 0.22 0.33 0.41

- 0 0.03 0.12 0.19 0.28 0.36

4.3. Summary of YFeOs Work

In summary, stable p-type YFeOs photocathodes have been fabricated by a
novel and inexpensive spray pyrolysis technique. The results showed that the
best sample performance was obtained using a spray rate at 2ml/min and 600°C
calcination temperature, which yields a photocurrent density of 0.6 mA cm at
0.5V vs. RHE. Chronoamperometric studies showed that the YFeOs film has high

stability with a p-type response over a 6 hour period under chopped light and 21h
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in the dark condition. Optical measurements showed that the photoelectrode has
a bandgap of 2.45eV. Water splitting test demonstrated that the YFeOs
photocathode generates 0.41 ymol/cm? of hydrogen after 6hours without external
bias. The second cycle of hydrogen test proves that the electrode is re-usable
and 0.35 pmol/cm? of hydrogen is generated after 6 hours of light illumination.
These findings prove that YFeOs is a potential candidate to act as a photocathode

for unassisted water splitting to generate hydrogen at a competitive cost.
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Chapter 5: Fabrication of Bi2WOs Photoelectrodes by
Spray Pyrolysis for Rhodamine B (RhB) Degradation

In recent decades, a great deal of attention has been given to visible-light
responding semiconductor photocatalysts in the degradation of organic pollutants
in water for solving environmental pollution problems by the efficient full utilization
of solar energy.! Various new visible-light-active semiconductor materials have
been extensively investigated, such as InTa04,2 BiVO4,® InVO4,% etc. They show
promising potential for utilization for solar energy. However, their application still
restricted due to their limitation of low photocatalytic efficiencies. Therefore, great
efforts have been made to improve the activity of these materials by preparing
the semiconductor in a form of thin film.> Recently, Bi;WOs has attracted extensive
interest for its good performance in organic pollutants degradation,®” visible-light-
induced photocatalyst,® photoelectrochemical (PEC) water splitting® and CO:2

reduction.10

Bi2WOe possesses very interesting intrinsic physical and chemical properties,
such as ferroelectric piezoelectricity, catalytic activity and nonlinear dielectric
susceptibility.1! It is well known that the photocatalytic and PEC properties are
closely interrelated and highly depends upon particle size, morphology and
structure. In early work, photocatalysts have been utilized as suspended
powders.'?> However, the limitations such as low photocatalytic activity and the
laborious recollection of the powder from the suspension have considerably
restricted their applications. In order to overcome such obstacles, nanostructured
film photoelectrodes on solid supports have been developed later. Such
nanostructured photoelectrodes exhibit a large internal surface area, high

porosity, and excellent photocatalytic performance. In order to study the optical,
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electrochemical, electronic and PEC properties, nanostructured photoelectrodes
should be prepared on optically transparent conducting substrates.
Unfortunately, the fabrication of highly crystalline nanostructured thin film
photoelectrodes of Bi2WOs on such substrates and a systematic study of PEC
properties associated with nanostructure and texture has not yet been examined
in detail.

Stimulated by novel properties related to nanostructures, the preparation of
efficient visible-light sensitive Bi2WOs photoelectrodes by systematically
controlling the nanostructure and texture is the primary aim of this particular work.
Also, the preparation of highly soluble and volatile solutions containing Bi and W
compounds in aqueous and organic solvents have been described. In this work,
Bi2WOs nanostructured photoelectrodes with nanoplates structures are
fabricated by Spray Pyrolysis (SP). This novel method is a simple and
reproducible route to construct nanostructured Bi2WOs photoelectrodes.

Moreover, the photoelectrodes prepared in this work has shown considerably
high photocurrent as well as a high activity for photocatalytic degradation of
Rhodamine B (RhB) dye. Our findings will undoubtedly have a significant
influence on further exploitation of Bi2WOe as a potential semiconductor material

in solar energy conversion and photocatalytic applications.

5.1. Experimental

Since the purpose of this work is to fabricate nanostructured Bi2WOs
photoelectrodes, the effect of annealing/deposition temperature and fabrication
method on the formation of crystalline Bi2WOs photoelectrodes need to optimize.
Based on observation from YFeOs fabrication mentioned in section (4.1.), film

prepared by sol gel method facing crucial issues such the gases generated during
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the heating process could evolve in the coated film, leading to bubbles, cracks or
delamination.® Due to this limitation, | decided to use spray pyrolysis to fabricate
the nanostructured Bi2WOs photoelectrodes. The optimized parameters for
fabrication of thin films using this method are discussed in section (4.1.1.).
Meanwhile, the experimental work, measurements and results are discussed in

this section.
5.1.1. Preparation of Precursor Solution

Analytical grade chemicals and reagents were purchased from Sigma-Aldrich
and used without further purification. Distilled water was used throughout the
experiment. The solution used for the deposition of Bi2WOs photoelectrodes was
prepared as follows: 5.0 g of diethylenetriaminepenta-acetic acid (DTPA) and 15
mL of ammonia water (30%) were added to 300 mL of distilled water. 1.8 g of
Bi2Os powder and 1.0 g of (NH4)s H2W12040-xH20 powder were added to the
above stirring solution. The mixture was further stirred and heated to 80 °C in
order to promote the dissolution and subsequent reaction. After 4 hours of stirring,
the mixture became a colorless transparent solution. The solution was
evaporated to dryness under reduced pressure to eliminate any volatile by-
product and access ammonia. The resulting powder was re-dissolved in 100 mL

of distilled water to obtain a transparent precursor solution.

5.1.2. Deposition of Photoelectrodes by Spray Pyrolysis (SP)

The Bi2WOs photoelectrodes were deposited by the SP process. Fluorine-doped
tin oxide (FTO) glass substrates were cleaned according to the cleaning
procedure described in section (3.7) in the experimental chapter. The spray

system comprised of a syringe pump system (New Era Pump System NE-1000),

90



an ultrasonic atomizer nozzle (Sonozap) 1mm diameter and a vortex
attachment.* 10 ml of the precursor solution was sprayed on to the FTO at a rate
of 1 ml min* assisted with compressed air at a rate of 3 L min-?, which is passed
through the vortex attachment to generate a large plume of aerosol to get a
uniform coverage on the FTO. After the completion of spray, the films were further

annealed at different temperatures in air.
5.1.3. Characterization

The crystalline structure of deposited photoelectrodes was analyzed by an X-
ray diffractometer (Siemens D5000 diffractometer) with Cu-Ka (A= 1.541A)
radiation at a scan rate of 0.07° s**. The morphology and composition of film
photoelectrodes were characterized by scanning electron microscopy (SEM,
TESCAN VEGA3) operated at an acceleration voltage of 5.0 kV. Raman
spectroscopy was undertaken using a Renishaw RM1000 Raman

spectrophotometer. The spectrum was recorded in the range of 100 to1000cm-2.

5.1.4. Optical and Electrochemical Characterization

Room temperature UV-Vis absorption spectra were recorded on a Lambda 35
Perkin-Elmer UV-Vis spectrophotometer in the wavelength range of 200-800 nm.
A bare FTO coated glass substrate was placed in the reference optical path, thus
the absorbance measurements included only contributions from Bi2WOe

photoelectrodes.

A three-electrode electrochemical cell, fitted with a quartz window, was used
for photoelectrochemical studies. An aqueous solution of 1M NaOH was used as
the electrolyte. The potential of the Bi2WOes working electrode was controlled by

a potentiostat (Metrohm Autolab). An Ag/AgCIl/3M KCI electrode was used as the
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reference electrode and a Pt wire was adopted as the counter electrode. In the
electrochemical cell, light enters through a quartz window and travels about a
5mm path length in the electrolyte before illuminating the photoelectrode. The
Bi2WOs photoelectrode was illuminated through the electrolyte side and the
illumination source was an AM1.5 solar simulator (Oriel LCS-100, Newport).
The Mott-Schottky relationship was used to calculate the flat band potential (Viv)
of nanostructured Bi2WOs photoelectrodes. The Mott-Schottky plots were
constructed using capacitance data obtained from a cyclic voltammetry (CV)
technique described by Eggleston et al.*®> and Boschloo et al.1® using the equation

below.

_dQ _ idt _ i

- )

Tav T oav v

with Q the charge, V the potential and i the current. The Cyclic voltammograms
(CVs) were measured in different pH electrolytes to calculate the pH dependence

of flat band potential.

5.1.5. Photocatalytic Degradation of Rhodamine B (RhB)

The light source for photocatalytic measurements was a 100 W ozone free Xenon
lamp (Oriel LCS-100, Newport) with 420 nm filter. Degradation of rhodamine B
(RhB) was performed in a quartz cuvette reactor containing 60ml of RhB (20mg/L)
and 1ml of H202. Prior to irradiation, the suspension was kept in the dark for 30
min to establish absorption/desorption equilibrium between RhB solution and the
electrode. During the reaction, 3 mL of RhB solution was sampled at certain time
intervals to check the degree of degradation, which was done by measuring the
absorbance at 554 nm as a function of reaction time. After the measurement, the
sampled RhB solution was returned to the reactor to keep the total volume of the
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reaction roughly equivalent. Bi2WOs electrodes prepared at different calcination
temperatures were used in the experiment in order to investigate the influence of

annealing temperature of electrodes on the efficiency of degradation.

5.2. Result and Discussion

Nanostructured Bi2WOs photoelectrodes were successfully prepared through a
simple procedure employing SP processes. A comparative study of the effect of
annealing/deposition temperature on the morphology and PEC properties of the

photoelectrodes was conducted.

5.2.1. Characterization

The phase and crystallinity of photoelectrodes were characterized by XRD and
all peaks indexed by () in XRD peak pattern correspond to the substrate
fluorinated SnO:2 layer, while the remaining reflections were indexed to
orthorhombic phase (Russellite) Bi2WOs with space group (see Figure 53). The
peak pattern is in good agreement with the reported data for Bi2WOs (ICDD 01-
073-2020).%7

Raman spectra of as-prepared photoelectrodes are shown in Figure 54. The
peaks in the range of 600-1000 cm™ are assigned to the stretches of the W-O
bands, according to the Grane et al.*® The bands at 760 and 790 cm™! of Bi2WOs
were associated with the antisymmetric and symmetric Ag modes of terminal O—
W-0 chain. The band of 310 cm™ could be assigned to translational modes
involving simultaneous motions of Bi** and WO4. The bands at about 300 cm™
were assigned to the modes of the terminal WOz group. The W-O bonds of

intermediate length (about unit valency) are characteristic of bridging W—-O bonds
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and are assigned to Raman mode stretching wavenumbers in the range of 700—
1000 cm.1® As can be seen (Figure 54) the intensity of peaks increase with the
increase in annealing temperature indicate that the crystallinity of photoelectrode
increase with temperature. These observations are in good agreement with SEM

and XRD results.
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Figure 53: The XRD peak pattern of Bi2WOs photoelectrode at different
annealing temperatures.
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Figure 54: Raman Spectra of Bi2WOs photoelectrodes deposited by spray
pyrolysis and annealed at 450 °C to 525 °C
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The effect of the annealing/deposition temperatures on the nanostructure and
morphology of Bi2WOQOs photoelectrodes prepared by SP were investigated in
detail. In order to study the effect of substrate temperature on crystallinity and
morphology, photoelectrodes were annealed on different substrate temperatures
while all other parameters were kept constant.

The effect of annealing temperature on properties of photoelectrodes prepared
by SP was studied over the temperature range of 450 - 525 °C. Figure 53
illustrates the effect of annealing temperature on electrode structure and
morphology. The XRD peak pattern showed that the Bi2WOs phase was achieved
at 450 °C with very small peak intensities which may be due to poor crystallinity.
The peak intensity increased with the increase in annealing temperature
indicating the enhanced crystallinity which was further confirmed by SEM
analysis of corresponding photoelectrodes.

The analysis of SEM images show that the photoelectrodes annealed at
different temperatures. At 450 °C the electrode consists of big lumps with very
uniform (see Figure 55). With the increase of temperature, the lumps began to
disperse and particles with divergent boundaries. The growth of particles with
specific shape became more apparent with the increase of annealing
temperature as elucidated by progressive SEM images (Figure 55b and 55c). The
particles acquired a near cuboids shape after annealing at 525 °C as shown in
SEM image (Figure 55c). These Bi2WOs particles have a length of about 100 —
150 nm and a thickness of about 50 - 70 nm and are linked together to make a

porous structured electrode.
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Figure 55: The SEM micrographs of photoelectrodes deposited by SP and
annealed at 450 - 525 °C (a-d).

5.2.2. Photoelectrochemical Analysis

The photoelectrochemical properties of Bi2WOs photoelectrodes were
investigated under AM 1.5 illumination in a 3-electrodes open quartz cell. The
steady-state J-V plots in Figure 56 show the dependence of photocurrent density
on the annealing temperature. The photocurrent increases with the increase of
annealing temperature. The crystallite size, orientation and morphology of the
photoelectrodes drastically varied with the annealing temperature. Further
increased of deposition/annealing temperature could not be continued beyond a
certain limit due to the instability of glass substrate at high temperature (>550 °C).
The result indicates that the textural properties ,as well as the degree of
crystallographic preferred orientation, are the key factors in defining the light
harvesting and charge transfer properties.?® The photocurrent increased rapidly
with the applied potential, which could be due to the fact that the high internal
surface area exposed to the electrolyte provides a large effective

semiconductor/electrolyte interface. Thus, the separation of photogenerated
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carriers within the width of the space charge layer becomes a key factor to

enhance PEC performance of photoelectrodes.
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Figure 56: J-V plots showing the dependence of photocurrent on annealing
temperature for the photoelectrodes.

The best photoelectrodes prepared using the SP methods have been studied
under chopped light (AM 1.5 illumination) to reveal the dark current
simultaneously. Figure 57 describes the photocurrent transients in the potential
range that encompasses the photocurrent and dark current onset potentials. For
comparison, the steady-state J-V plot was superimposed on the transient plot in
each case. Steady-state and transient J-V plots agree well for all photoelectrodes.
Generally dark current starts at about 0.6 V (vs. Ag/AgCIl/3M KCI) in 1M NaOH
electrolyte. This photoelectrode has shown about 42 pAcm-2 photocurrent density
at 0.23 V (vs Ag/AgCI/3M KCI) under AML1.5 illumination and a negligible dark
current (Figure 57). However, the recombination characteristics are evident in
photocurrent transients. This indicates that the light harvesting properties of
Bi2WOs photoelectrodes depend on the fabrication conditions which are directly

related to the texture, morphology and preferred orientation of photoelectrodes.?!
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Figure 57: Chopped and steady state J-V plot of porous nanostructured
annealed at 525 °C.

5.2.3. Optical and Electrochemical Measurements

In Bi2WOs, Bi*3 has two 6s valence electrons in the crystalline phase. The band
structure of Bi2WOs was suggested to be composed of W5d (conduction band,
CB) and hybridization of Bi6s and O2p (valence band, VB).?? It has been reported
that Bi2WOs thin films have a steep absorption edge in the visible range,
indicating that it is due to the intrinsic transition within the material related to the
fundamental absorption edge rather than the transition from impurity levels.?®

The optical properties of Bi2WOs samples were recorded using UV/Vis
spectroscopy. Figure 58 shows direct bandgap of thin films for Bi2WQOs film
photoelectrodes for porous nanoplate electrode deposited by SP at different
temperatures. For a crystalline semiconductor, it was shown that the optical
absorption near the band edge follows the equation (ahv)" = A(hv - Eg), where a,
v, Eg, and A are light absorption coefficient, frequency, bandgap, and a constant,
respectively. Among them, n decides the characteristics of the transition in a
semiconductor. Bi2WOe is a direct bandgap material. The annealing temperature

has a slight effect on bandgap (Eg) and the bandgap estimated by extrapolation
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of the plots of (ahv)? versus hv are 2.82 eV (Figure 58) and are comparable to

the reported values for Bi2WQOs powder nanoparticles.®

21 23 25 27 29 31 33 35
Photon Energy (eV)

Figure 58: Plot of (ahv)? versus photon energy (hv) for Bi2WOs photoelectrodes
deposited by spray pyrolysis and annealed at 450 °C to 525°C.

One of the important parameters in the study of the semiconductor-electrolyte
interface is flat-band potential which explains the electrochemical characteristics
of the system in dark and under illumination. Cyclic voltammograms of Bi2WOQOs
photoelectrodes are measured in three photoelectrodes mode under the dark
condition at different scan rates in different pH electrolytes. The potential range
is such that the Bi2WOs photoelectrodes are always under depletion conditions;
i.e., the applied potential is more negative than the flat band potential (V). An
intriguing feature of these CVs is that the current is an approximately linear
function of the applied potential, in the directions of both the forward and the
reverse scans. Furthermore, the current at a given potential is linearly dependent
on the scan rate. The CVs of Bi2WOs photoelectrodes did not show any
electrochemical interfacial redox reactions indicates that the origin of the current

is capacitive.
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Figure 59: Mott-Schottky plot constructed using capacitance data calculated
from slope of anodic lines of current vs. scan rate at each potential measured at
pH 13.3 for Bi2WOs photoelectrodes annealed at 525 °C while inset shows pH

dependence of the flatband potential (V) for Bi2WOs photoelectrode.

In the absence of interfacial redox reactions, the scan-rate (n) dependence of
current can be attributed to charging and discharging of the space charge layer.
The CVs collected for a series of scan rates, the current (i) was plotted versus
scan rate (n) at selected applied potential. The slope of the line in such a plot is
a measure of space charge layer capacitance (Csc) at each potential. The data
from the forward scans of the CVs are used to calculate the capacitance to
construct the Mott—Schottky plots (i.e., C2 vs V) and the flat band potential was
estimated by extrapolating the linear part of the Mott-Schottky plots. The
Mott-Schottky plot determined at pH 13.3 for the photoelectrode is given in
Figure 59. The flat band potential 2.85 V estimated from the Mott—Schottky plot
remarkably agrees with the photocurrent onset potentials which further support
the negative shift of the photocurrent onset associated with hierarchical
microsphere structures.

It is well known that the flat band potential of many semiconductors in contact
with aqueous electrolytes depends on the pH of the solution. The relationship

between Vi, and the pH was linear with a slope of about 60 mV per pH unit (Figure
100



58 inset), which is very close to the Nernstian response (-59 mV/pH) expected
for reactions involving protons and hydroxide ions. The photoelectrodes conform
the Nernstian slope to the entire range of measured pH particularly and the Vi
and its pH dependence support the argument that the nanoplate structures
provide high internal surface area which allows more electrolyte solution to
penetrate to the interior of each porous nanostructure providing a large
semiconductor/electrolyte interface to enhance the photoelectrochemical and

photocatalytic performance of photoelectrodes.

5.2.4. Photocatalytic Activity

The photocatalytic activity of Bi2WOs film has been evaluated by degradtion of
rhodamine B (RhB) as the target pollutant. Figure 60 shows the Photocatalytic
degradation of RhB over Bi2WOQs prepared at different calcination temperature,
525°C, 500°C, 475°C, and 450°C. It can be seen from figure 60a that, complete
degradation of RhB is achieved in 45min for the film annealed at 525°C. The
photoactivity starts to decrease with decreasing in annealing temperature. The
minimum photocatalytic activity is obtained by the film annealed at 450°C as

shown in figure 60d.
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Figure 60: Photocatalytic degredation of RhB over Bi2WOs prepared at different

calcination tempreture, (a) 525°C, (b) 500°C, (c) 475°C, (d) 450°C.

Figure 61, shows the photocatalytic activity of Bi2WOs films prepared at different

temperatures at the wavelength of 554nm as a function of C/C, vs. irradiation

time. It is observed that calcination temperaure has a significant impact on the
photocatalytic activity of as-prepared films. It is reported that increasing the
annealing temperature lead to increase the crystallinity of the film and that may
be the possible reason for the enhancement of the photocatalytic activity.?42> The

dye degradation study prove that the light-harvesting performance is directly

related to the texture, morphology and preferred orientation of photoelectrodes.
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Figure 61: The plot of C/Co vs. the irradiation time of Bi2WOs films prepared at
different calcination temperatures.

5.3. Summary of Bi2WOs by SP Method

In this work, a single solution source is used to fabricate Bi2WOe
photoelectrodes with different annealing temperature using a spray pyrolysis
process. Bi2WOs has shown high photocatalytic activity and complete
degradation of RhB is achieved in 45min. The fabrication method and annealing
temperature have a strong influence on the texture, morphology and the
photocatalytic activity of Bi2WOs. The increasing in annealing temperature leads
to increase in the photocatalytic activity. These photoelectrodes are highly
reproducible and possess an optical bandgap of ~2.8 eV and exhibit anodic
photocurrent. The present work opens new routes to improve the properties of
Bi2WOs photoelectrodes by controlling their texture, morphology and orientation.
Overall, the methods reported here provide simple and convenient means for
modulation of the surface properties of Bi2WOs photoelectrodes. Our findings will
trigger exploitation of Bi2WOs photoelectrodes in a wide range of areas such as
photocatalytic, electrochemical,  photoelectrochemical and electronic

applications.
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Chapter 6: Fabrication of Bi2WOs Photoelectrodes by
AACVD for Methylene Blue (MB) Degradation

Fabrication of nanostructured materials with well-defined shapes and
morphology considered a great challenge in materials chemistry and
nanotechnology.? Recently, a noteworthy interest has been acknowledged on
controlling the shape and structure of nanostructured materials and that is
because of the solid connection between morphology and chemical/physical
properties.®* Nanostructured materials with well-design morphologies have been
inspiring significant research owing to their important role in the studies of
structure-property relationships.>® Well-designed hierarchical structures of given
inorganic materials offer novel chemical and physical properties because the
structures possess the advantage of both microstructural and nanostructural
nature.’

Traditional methods for controlling the shape, size and structure are based on
two strategies: first is the chemical approach that includes hydrothermal®,
surfactant,® and molecular assemblies as soft templates,*° and so on; the second
is the physical strategy which includes thermal evaporation,'* physical
exfoliations,*?.

Among different electrode deposition techniques, aerosol-assisted chemical
vapour deposition (AACVD) is simple, possess advantages that a single solution
source can be used to fabricate multicomponent electrodes. Significant effort has
been made to prepare of Bi2WOe particles by a hydrothermal process and then
deposition of electrodes by dip-coating,*® spin coating,** spray pyrolysis,*®
electrostatic layer by the layer deposition technique.® However, a few reports

have published on the deposition of Bi2WOs electrodes using AACVD in the
106



literature. Ishikawa et al. prepared Bi2WOs thin films by MOCVD using a vertical
cold-wall type reactor. Tri-methyl bismuth and pentaethoxy tungstate were used
as the Bi and W sources in the presence of Oz gas as an oxidant.’

Bi2WOs has attracted considerable attention for its physical and chemical
properties, such as catalytic activity, ferroelectric and piezoelectricity.® Recently,
people's attention has been focused on the Bi2WOs due to its successful uses as
a photocatalyst’® and as a semiconductor material in photoelectrochemical
(PEC) water splitting?®-2* and in COz2 reduction.?®

In this work, Bi2WOes nanostructured electrodes with different textures and
morphologies such as compact, porous, nanoplates and buckyball-shaped
hierarchical microsphere structures are fabricated by expediently controlling the
process parameters of Aerosol Assisted Chemical Vapor Deposition (AACVD).
These novel methods are a simple and reproducible route to construct
nanostructured Bi2WOs electrodes. Furthermore, the photoelectrodes prepared
in this work has shown high activity for photocatalytic degradation of Methylene
Blue (MB) dye. Our findings will undoubtedly have a significant impact on further
development of Bi2WOs as a potential semiconductor material in solar energy

conversion and photocatalytic applications.

6.1. Results and Discussion

Nanostructured thin films of Bi2WOs were successfully prepared through a
simple one-step approach employing spray pyrolysis and AACVD processes. The
effect of annealing/deposition temperature on the morphology and PEC

properties of the thin films has been studied.
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6.1.1. Characterization

Effect of annealing/ deposition temperature on crystallinity and morphology

To investigate the effect of deposition temperature on structure and
morphology, electrodes were deposited at different temperatures from solution
by AACVD. The XRD patterns of Bi2WOes electrodes deposited at different
temperatures with their respective morphology and structure are given in Figure
62. The effect of temperature on crystallinity was demonstrated through the
systematic change of the XRD patterns. The reflection pattern became more
clean-cut and the peak intensities gradually increased, indicating better
crystallinity with the increase of substrate temperatures from 425 - 500 °C. The
unidentified peaks present in the XRD pattern (Figure 61) of the electrode
deposited at 425 °C disappeared with the increase of substrate temperature

indicating that these peaks may be correspond to un-decomposed materials.
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Figure 62: The XRD peak pattern of electrodes deposited by AACVD at
deposition temperature of 425- 500°C.
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The SEM micrograph of the electrode (Figure 63) indicates a dense
homogeneously dispersed microstructure without any distinguishable features.
As shown in Figure 63b, nanoplates started to emerge from the dense
microstructures, when the deposition temperature is increased to 450 °C. It is
also evident from Figure 63b that the size and shape of nanoplates are not well
defined although long edges were clearly visible. When the deposition
temperature was further increased to 475 °C, the electrode morphology showed
specific plate-like features with short edges. Further increase in deposition
temperature to 500 °C resulted in large and thin nanoplates. The length of the
edge of an average nanoplate is about 110 nm and the thickness is about 10 nm.
As shown in the Figure 63d the nanoplates emerged from the substrate are

aligned almost perpendicular to the FTO substrate.
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Figure 63: The SEM of electrodes deposited by AACVD at deposition
temperature of 425- 500°C.

Effect of Carrier Gas on morphology

Although the carrier gas flow can potentially influence the deposition
temperature due to the cooling effect, the change of carrier gas flow had no
pronounced effect on the morphology of electrodes deposited below 500 °C.
Surprisingly, increasing the deposition temperature to 500 °C and simultaneously
reducing the carrier gas flow to 100 mL/min resulted in the formation of a
hierarchical buckyball-like microsphere structured electrodes (Figure 64). Further
SEM analysis (Figure 64a or 64c) showed that the buckyball-like microsphere
structure covers almost the entire FTO surface constructing a very uniform
electrode of Bi2WQs. The close-up view of an individual sphere (Figure 64b)

indicates that the Bi2WOs possesses superstructures with buckyball-like
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appearance. These microspheres have a diameter ranging from 0.4 to 0.8 pum.
Interestingly, the superstructures are built from two-dimensional nanoparticles
with a thickness of about 10 - 30 nm, which can be vividly demonstrated from the
SEM images. The surfaces of these microspheres are coarse and have many
individual nanoparticles. The SEM images also reveal that these nanopatrticles
are aligned perpendicularly to the spherical surface with clearly oriented layers,
pointing toward a common centre within the buckyball-like microstructure (Figure
64b). More importantly, the microspheres have many pores with different
diameter sizes, which may have the potential to provide improved the
physicochemical properties or serve as transport paths for small molecules.
Among the microspheres, one can easily see some nanoplates formed on the
surface of the FTO (Figure 64a & b), which suggests a two-stage growth process
of Bi2WOs microspheres. The primary stage is the formation of
nanospheres/nanoplates and then these nanoplates self-assembled to form
microsphere structures, which is a common phenomenon in the formation of
microspheres in the hydrothermal process.>? A cross-section of the electrode
(Figure 64c) showed the growth of the Bi2WOs hierarchical structures on top of
each other, increasing the thickness of the electrode up to 3 um. The cross-
section image further confirmed that each microsphere is about 0.4 - 0.8 um in

diameter.
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Figure 64: The SEM hierarchical buckyball-like microsphere structured of
electrodes deposited by AACVD at deposition temperature of 500°C: (a) and
(b) surface morphology, (c) and (d) cross section of the electrodes.

Mechanism of Formation of Nanoplates and growth of Hierarchical microsphere
by AACVD

Formation of Bi2WOs nanoplates and hierarchical microsphere structures by
the hydrothermal process has been already explained on the basis of the various
characteristic times: residence time, reaction time of the precursor and sintering
time.2”28 Similarly, in our work changing in sintering time behavior play a multifold
role in the growth of Bi2WOs nanoplates and hierarchical buckyball-like
microsphere structures.

During the deposition process, aerosol droplets travel through different

temperature zones, the first step is the evaporation of solvent molecules and the
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second step is the vaporization of the precursor. As a results, two different
deposition regimes of vapor-particle and particle dominant were obtained. If the
residence time is equal to the reaction time, then a mixed particle-vapor mixture
deposits onto the substrate, resulting in the formation of nanoplates structured
films (scheme A in Figure 65). It can be seen from the XRD diffraction pattern
that the nanoplates morphology was polycrystalline anatase, with grains that
were about 10 nm to 30nm in size.

On the other hand, if the reaction time is less than the residence time, then a
particle dominant regime is formed, resulting in the growth of particles in the gas
phase of the reaction zone, followed by deposition onto the substrate. The
continuous follow of gases may help these nanoparticles to spin along the c-axis
to build hierarchical microsphere structures (scheme B in Figure 65). The
formation of hierarchical microsphere structures over the top of each other
(Figure 64d) is a clear evidence for the nucleation and formation of nanoparticles

in vapour phase before they plunge on to the substrate.
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Figure 65: A schematic illustration of possible growth process of nanoplate-like

hierarchical buckyball-like microsphere structures formation during AACVD
process.
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6.1.2. Photoelectrochemical Analysis

The photoelectrochemical properties of Bi2WOs electrodes were investigated
under AM 1.5 illumination in a 3-electrode open quartz cell. The steady-state J-V
plots in Figure 66 show the dependence of photocurrent density on the deposition
temperature for each set of electrodes. Generally, for all electrodes the
photocurrent increases with the increase of annealing/deposition temperature.
The present results, therefore, confirm that there is a strong dependence of
photocurrent on the deposition/annealing temperature. The crystallite size,
orientation and morphology of the electrodes drastically varied with the
annealing/deposition temperature. For all electrodes, the increase of deposition
and annealing temperature improved the photocurrent density. Further increased
of deposition/annealing temperature could not be continued beyond a certain limit
due to the instability of glass substrate at high temperature (>550 °C), premature
decomposition of aerosol and film adherence issues experienced at high

temperatures.
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Figure 66: J-V plots showing the dependence of photocurrent on electrode
preparation temperature for the electrodes deposited by AACVD from solution.
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Generally, the textural properties ,as well as the degree of crystallographic
preferred orientation, are the key factors in defining the light harvesting and
charge transfer properties.?® In the case of Bi2WOs electrode deposited by
AACVD, the photocurrent increased rapidly with the applied potential, which
could be due to the fact that the high internal surface area exposed to the
electrolyte provides a large effective semiconductor/electrolyte interface. Thus,
the separation of photogenerated carriers within the width of the space charge
layer becomes a key factor.

The best photoelectrodes prepared AACVD methods have been studied under
chopped light (AM 1.5 illumination) in order to reveal the dark current
simultaneously. Figure 67 describes the photocurrent transients for electrodes
deposited at 500°C with a different carrier gas. For comparison, the steady-state
J-V plot was superimposed on the transient plot in each case. Steady-state and
transient J-V plots agree well for all electrodes. The electrode deposited at 500°C
with a high carrier gas (300 mL/min) has shown about 40 pAcm photocurrent
density at 0.23 V (Figure 67a). The electrode deposited with a low carrier gas
(100 mL/min) has shown about 67 yAcm2 photocurrent density at 0.23 V (vs
Ag/AgCIl/3M KCI) under AM1.5 illumination and a negligible dark current ( Figure
67b) which is among the highest photocurrent density for Bi2WOs electrodes
reported in this work. The photocurrent onset of this electrode had a further
negative shift (by about 0.5 V compared to the flat Bi2WOe electrodes) which is
one of the key findings of this work. This can be attributed to the hierarchical
microsphere structures and preferred orientation along (001) plane. The
considerable negative shift of the photocurrent onset associated with preferred
orientation along (001) plane provides a route to engineering the energetic and

interfacial charge transfer properties at Bi2WOs electrode/electrolyte interface.
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Figure 67: Current—voltage characteristics for Bi2WOs electrodes deposited by

AACVD at 500°C, (a) nanoplate-like electrode deposited at low carrier gas. (b)

Hierarchical buckyball-like microsphere structured electrode deposited at high
carrier gas.

This finding can have a significant influence on studies of processes at
electrode/electrolyte interface. Along with the preferred crystallographic
orientation, the hierarchical microsphere structures have numerous microspores
and a high internal surface area which allows more electrolyte solution to
penetrate to the interior of each microsphere providing a large

semiconductor/electrolyte interface.

6.1.3. Optical and Electrochemical Measurements

It has been reported that Bi2WOes thin films have a steep absorption edge in the
visible range, indicating that it is due to the intrinsic transition within the material
related to the fundamental absorption edge rather than the transition from
impurity levels.3® The optical properties of Bi2WOs samples were recorded using

UV/Vis spectroscopy.
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Figure 68: Plot of (ahv)? versus photon energy (hv) for Bi2WOs electrodes (a) for
hierarchical buckyball-like microsphere structured electrode deposited by

AACVD at 500°C (b) for squarer shaped nanoplates electrode deposited by
AACVD at 500 °C.

Figure 68 shows direct bandgap of thin films for Bi2WOs film electrodes (a) for
hierarchical buckyball-like microsphere structures electrode deposited by AACVD
at 500 °C, (b) for nanoplate-like electrode deposited by AACVD at 500 °C. For a
crystalline semiconductor, it was shown that the optical absorption near the band
edge follows the equation;

(ahv)" = A(hv - Eg) (10)
where a, v, Eg, and A are light absorption coefficient, frequency, bandgap, and
a constant, respectively. Among them, n decides the characteristics of the
transition in a semiconductor. Bi2WOs is a direct bandgap material. The bandgap
(Eg) of the electrodes were estimated by extrapolation of the plots of (ahv)? versus
hv are 2.81 and 2.85,eV respectively (Figure 68), and are comparable to the

reported values for Bi2WOse powder nanopatrticles.®

6.1.4. Photocatalytic Activity

Photocatalytic activity of Bi2WOs film was evaluated by measuring the
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degradation of methylene blue (MB), under UV light irradiation of 0 min, 10 min,
20 min, 30 min, 40 min and 50 min. For comparison, two Bi2WOs photoelectrodes
prepared at 500°C with different carrier gas flow have experimented under the
same condition as shown in Figure 69. The maximum absorption peaks of MB
were reported at 653nm. Figure 70, shows the photocatalytic activity of Bi2WOe

films prepared at different carrier gas flow as a function of C/Co vs. irradiation

time.
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Figure 69: Photocatalytic degredation of MB over Bi2WOQse prepared at 500°C
with different carrier gas flow, (a) 100mL/min, (b) 300mL/min.
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Figure 70: The plot of C/Co vs. the irradiation time of Bi2WOs films prepared at
different carrier gas flow.

It is observed that the degradation efficiencies of Bi2WOs photoelectrode
increased with increasing of calcination temperature as discussed before in
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section 4.3.3.4 using the spray method. In addition, It is reported that increasing
the calcination temperature lead to increase the crystallinity of the film and that
may be the possible reason for the enhancement of the photocatalytic activity.3%:32
As discussed before, film prepared by AACVD using low carrier gas flow resulted
in the formation of a hierarchical buckyball-like microsphere structured electrodes
which has the highest photocurrent amongst other electrodes. Here, the effect of
carrier gas flow on photocatalytic activity of the electrodes has been investigated.
Two electrodes prepared with 100mL/min and 300mL/min carrier gas flow were
used in this study. Figure 69a shows highest degradation efficiency of MB
achieved by electrode prepared at low carrier gas flow compared to the one
prepared at high carrier gas flow as shown in figure 69b. As shown in Figure 70,
hierarchical microsphere structures electrode showed much better photocatalytic
activities than the nanoplate-like electrode. It could be seen that changing the
carrier gas flow has a significant impact on the photocatalytic activity of the
prepared films. Moreover, the catalytic performance of Bi2WOe is strongly
affected by the shape of the Bi2WOs catalyst.3®> The photodegradability study
proves that the photocatalytic performance is directly related to the texture,

morphology and preferred orientation of photoelectrodes.

6.2. Summary of Bi2WOs by AACVD Method

In this work, the aerosol-assisted chemical vapour deposition (AACVD) method
can be used to deposit complex ternary metal oxide semiconductor films of
Bi2WOes. These thin film electrodes are highly reproducible and posse an optical
bandgaps of (2.8-2.9) eV and exhibit anodic photocurrent. The deposition
method, deposition solution, annealing/deposition temperature and carrier gas
flow have a strong influence on the Bi2WOs films. Bi2WOs photoelectrodes

prepared by AACVD using low carrier gas flow shows the highest degradation
119



efficiency of MB. Hence, the current work offers simple methodologies of

controlling the texture of Bi2WOs films.

In general, present work opens up a new route to improve the physical and
chemical properties of Bi2WOs by controlling the texture that will eventually allow
the utilization of Bi2WOe in catalytic electrochemical, photoelectrochemical and
electronic applications. For example, photoelectrochemical properties of Bi2WOs
thin film electrodes can be significantly enhanced by systematically controlling
their texture. The following specific conclusions can also be drawn from the

present work.

(1) Hierarchical microsphere structures and structured Bi2WOs thin films can
easily be deposited using AACVD by controlling the temperature and
carrier gas flow.

(2) The results clearly show that highly ordered morphology and higher
porosity give a high photocurrent at low bias potential. The films deposited
by AACVD have shown a considerable shift of the photocurrent onset
potential (up to -0.5 V vs Ag/AgCI/3M KCI) with the decrease of carrier gas
flow. This finding will undoubtedly have a significant influence on further
exploitation of Bi2WQOs as a potential semiconductor material in solar
energy conversion applications.

(3) Our results suggest that film texture is a major factor in determining the
performance of the Bi2WOe films, and the methods reported here provides
a simple and convenient means for modulation of surface properties of

Bi2WOs thin films.
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Chapter 7: Fabrication of a-Fe-O3 Counter Electrodes
for Dye- Sensitized Solar Cells

This section is based on collaborative work with another group member. The
aim of this work is to fabricate Fe20s3 films and use it as counter electrodes for
dye-sensitized solar cells in order to compete for platinum counter electrode. My
contribution in this work is to fabricate Fe203 counter electrodes and performed
characterization and PEC measurements of the prepared electrodes. To do that,
two different deposition techniques have been used: spray pyrolysis (SP) and

aerosol assisted chemical vapour deposition (AACVD).

7.1. Introduction

During the past two decades, tremendous efforts have been dedicated to the
so-called third generation of solar cells represented by dye-sensitized solar cells
(DSSCs), because this type of cells offers compatibility with flexible substrates,
low cost, easy fabrication, environmental friendliness and high energy conversion
efficiency which allows them to compete with traditional silicon-based solar
generation.’3 In general, a DSSC comprises a dye-sensitized TiO2 photoanode,
an electrolyte containing the iodide/triiodide (I~ /15) redox couple, and a counter
electrode (CE). As an important component of DSSC, the counter electrode plays
a pivotal role in terms of the collection of electrons from the external circuit and
then injecting electrons into the electrolyte to reduce the reduction of redox

species used as a mediator in regenerating the dye.*>

In order to achieve the functional design, the efficient reduction of iodine
/triiodide redox couples and high electrical conductivity for transport electrons are
required for finding benchmark counter electrode (CE) materials. Traditionally,
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platinum (Pt) has been confirmed as a superior CE material for the DSSC due to
its excellent catalytic activity and high electrical conductivity.®” However, the high
cost of Pt as a noble metal and its poor stability limits its application in DSSCs.
Therefore, it is of crucial importance to explore alternative materials with low-cost,
high electronic conductivity and good electrical stability without sacrificing the

DSSCs photovoltaic performances.

To overcome these challenges, various alternative materials such as carbon-
based materials,®° conductive organic polymers,'%12 inorganic compounds,*31°
metal oxides,'® metal carbides,!” metal nitrides '® and transition metal
sulphides?!® have been investigated to replace Pt-based electrodes in DSSCs.
However, compared to Pt, the performance of those electrode materials is still
limited by their poor thermal stability and low electron conductivity, thus leading

to the inferior performance.?0-??

Due to its good conductivity, the low cost, nontoxicity and high abundance,
a-Fe203 has superiority over other electrode materials. a-Fe20s3, which is an n-
type semiconductor with an indirect band gap of 2.1 eV, has received much
attention as a promising material with many applications in photoelectrochemical
devices,?® photocatalysts,?* gas sensor,?® pigment.?® Previous research shows
several types of a-Fe203 nanostructure were used in DSSC applications. It has
been found that the a-Fe203 NPs can exhibit almost identical adsorption energy
of I compared to that of Pt, which makes it the most promising inorganic material
for DSSCs.?” However, the obtained efficiency was still lower than that of Pt as
CE because of the poor electron transport efficiency across a-Fe20s3
nanoparticles.?® Hybrid a-Fe203 flower-like morphology has been reported as a
working electrode in DSSC which contribute 1.8% power conversion efficiency.?°

Recently, biohybrid hematite and titanium oxide (TiO2) nanostructure thin film was
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used as an anodic component in biohybrid DSSC.3° However, the solar

conversion efficiency of this photoanode is below that required for practical use.

Herein, nanostructured a-Fe203 photoanodes have been fabricated using
different fabrication methods such as spray pyrolysis (SP) and aerosol assisted
chemical vapour deposition (AACVD). The performance of these nanostructures
was examined as photoanodes in DSSC and compared to the Pt counter

electrodes.

7.2. Experimental

7.2.1. Preparation of a-Fe203 Counter Electrode

Preparing of Precursor Solution

In a typical experiment, 0.4g of iron (lll) acetylacetonate Fe (acac)s were
dissolved in 100ml ethanol containing 7mL of trifluoroacetic acid (TFA) under

magnetic stirring.

Fabrication of a-Fe203 counter electrode by SP

Spray pyrolysis deposition technigques described in section 3.4 were used to
fabricate a-Fe20s3 counter electrode. Fluorine-doped tin oxide (FTO) glass was
used as a substrate. The precursor solution was sprayed at 375°C via a syringe
pump (New Era Pump Systems NE-1000), an ultrasonic atomizer nozzle
(Sonozap) 1mm diameter and a vortex attachment. A certain amount of prepared
solution was sprayed on to the FTO at a rate of 1Imimin™ assisted with

compressed air at a rate of 4Lmin™1.

Fabrication of a-Fe20s3 counter electrode by AACVD

AACVD deposition method described in section 3.5 was used to fabricate a-

Fe20Os counter electrode at 500°C. Fluorine-doped tin oxide (FTO) glass was used
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as a substrate in this work. In brief, 25 mL of a-Fe203 precursor solution was
taken in a 20 mL round-bottom flask and placed above the ultrasonic generator.
Air at a flow rate of 120 mL/min was used as the carrier gas to transfer the
generated aerosol from the solution flask to the trapped flask. The aerosol of fine
droplets was transferred into the heated substrate placed on the hotplate surface
by another carrier gas with a flow rate of 300ml/min. The substrate was heated

up to the deposition temperature for 20 min brier to the deposition starts.

7.2.2. Characterization

X-ray diffraction (XRD) was acquired using Siemens D5000 diffractometer using
a Cu Ka radiation. 40kV/ 40mA, 0.02 °28 step and a scan time of 2.5 seconds per
step) in the range of 20-80 °26. The surface morphology and composition of the
thin film was characterized using a high-resolution scanning electron microscope

(SEM, TESCAN VEGAB3).

7.2.3. Photoelectrochemical Measurements

The photoelectrochemical (PEC) measurements of a-Fe2Os electrode were
acquired in 0.1 M NaOH electrolyte (pH 13) using Metrohm Autolab potentiostat
under chopped light using a 100 W ozone free Xenon lamp equipped with an AM
1.5 filter (Oriel LCS-100, Newport). The light intensity was 1 sun illumination (100
mW cm). A liner sweep voltammetry (LSV) was scanned in the negative to the
positive direction between the ranges of -0.3 V to +0.7 V vs Ag/AgCl. All the
potentials described in this study refer to the reversible hydrogen electrode (RHE)
potential, which was calculated according to following the formula: VrHe = Vagiagel

+0.197+0.059*pH.
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7.2.4. DSSC Fabrication

The DSSC solar device was fabricated by another collaborated member
according to the literature procedure.3! Briefly, a layer of transparent TiO2 paste
was coated on the conductive glass (FTO) by screen printing as a working
electrode. The thickness of TiO2 working electrode was controlled by controlling
the number of TiOz layers coated on the FTO. The prepared films were annealed
at 450°C in order to remove the organic particles. The prepared TiO2 films were
immersed into 0.2mM N719 dye in ethanol at room temperature for 12-15h. The
iodide/tri-iodide electrolyte was prepared and stirred for 24h at room temperature.
Pt counter electrode was placed over the dye-adsorbed TiO2 electrode with a
25um hot-melt spacer between two electrodes. The electrolyte was introduced
into the cell through the small hole drilled in the counter electrode. The hole in
the counter electrode was sealed with a film (Meltonix-solaronix) and a piece of
cover glass. To be compared with conventional platinum counter electrodes, this

procedure was repeated with a-Fe20s3 as a counter electrode.

7.2.5. Device Characterization

The device was tested in an indoor controlled environment using setup consists
of a solar simulator which is a light source from a xenon lamp and an I-v tracer
which is used to characterise the electrical performance of the solar cell. The
photovoltaic performance of the assembled device was measured under
1000W/m2 of light from a Wacom AAA continuous solar simulator (model: WXS-
210S-20, AM1.5G). The |-V characteristics of the device were recording using

EKO MP-160i I-V Tracer.
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7.3. Results and Discussion
7.3.1. Characterization

To investigate the effect of deposition method on structure and morphology,
a-Fe203 electrodes were deposited by AACVD and SP deposition methods. The
XRD patterns of a-Fe20s3 electrodes deposited by these deposition methods with
their respective morphology and structure are given in Figure 71. The effect of
deposition technique on crystallinity was demonstrated through the systematic
change of the XRD patterns. Figure 71a shows that the reflection pattern became
more clean-cut and the peak intensities gradually increased, indicating better
crystallinity of electrode deposited by AACVD. The unidentified peaks present in
the XRD pattern (Figure 71b) of the electrode deposited by SP disappeared in
electrode deposited by AACVD indicating that these peaks may correspond to

un-decomposed materials.
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Figure 71: The XRD peak pattern of a-Fe203 electrodes deposited by SP and
AACVD.
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The SEM micrograph of the a-Fe203 electrode deposited by AACVD and SP
are presented in Figure 72. As shown in Figure 72a, the electrode deposited by
SP shows a mixture of thick nanoplates and triple pyramids microstructures. By
using AACVD method, these nanoplates and triple pyramids becomes thinner
and resulted in the formation of a leaf-like microstructure electrode as shown in
Figure 72b. It is observed that a-Fe203 electrode deposited by AACVD shows
high crystalline structured compared to the one deposited by SP. This could be
due to the high deposition temperature in AACVD (500°C). It's reported that the
deposition temperature has a significant impact on the structural properties of the
a-Fe20s film such as crystallinity and phase.3? Another reason could be due to
both small and large particles decomposed on the FTO surface in electrodes
deposited by SP. While in electrodes deposited by AACVD, the large particles
are filtered by a trapped flask, leaving only small particles to travel through the

tubes and decomposed on the FTO surface.

Figure 72: The SEM of a-Fe203 electrode deposited by; (a) SP. (b) AACVD.

7.3.2. Photoelectrochemical Analysis

The photoelectrochemical properties of a-Fe203 electrodes were investigated

under chopped light (AM 1.5 illumination) in a 3-electrode open quartz cell in
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order to reveal the dark current simultaneously. The steady-state J-V plots in
Figure 73 show the photocurrent density of a-Fe20s electrodes deposited by
AACVD and SP techniques. It's observed that the electrode deposited by AACVD
exhibit highest photocurrent up to 2.5 mA cm? at 1.23 V vs. RHE. While the
electrode deposited by SP has shown about 1.5 mAcm2 photocurrent density at
1.23 V vs. RHE. The result indicates that the textural properties are the key factor
in defining the light harvesting and charge transfer properties.®® The electrode
deposited by AACVD has better crystalline structure resulted in highest
photocurrent, which could be due to fact that the high internal surface area
exposed to the electrolyte provides a large effective semiconductor/electrolyte
interface. Thus, the separation of photogenerated carriers within the width of the
space charge layer becomes a key factor to enhance PEC performance of

photoelectrodes.
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Figure 73: Photocurrent —potential (J-V) curve of a-Fe20s3 electrodes deposited
by AACVD and SP.
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7.3.3. Photovoltaic Analysis of a-Fe2Os Counter Electrode

The photovoltaic analysis of DSSCs was obtained by other collaborated group
member. The performance of a-Fe203 as counter electrodes in DSSCs was
studied in comparison to that of the DSSCs with a Pt CE. Figure 74 shows the J-
V characteristics of DSSCs fabricated by the prepared a-Fe2Os CEs. The
Photovoltaic parameters of these devices and the Pt CE device, including the
short-circuit current (Jsc), the open-circuit voltage (Voc), the fill factor (FF) and
conversion efficiency (n), are reported in Table 1. From the table, different
performance can be observed for the a-Fe203 samples prepared by different
deposition methods. The energy conversion efficiency of 0.8% and 1.08% were
obtained for the DSSCs applying a-Fe20s3 deposited by SP and AACVD

respectively.
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Figure 74: Photocurrent —voltage characteristic curve of DSSCs with different
counter electrodes including Pt, a-Fe203 electrodes deposited by AACVD and
SP.
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Table 3: Photovoltaic parameters of DSSCs using Pt CE and a-Fe203 CE.

16.92 769 50.5 6.57
9.91 507 16.0 0.80
11.16 518 18.7 1.08

Jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor,

n: energy conversion efficiency.

The J-V curves presented in Figure 74 suggest that the impact of the CE
morphology on the J-V characteristics of the fabricated solar cells is remarkable.
a-Fe203 CE deposited by AACVD exhibit higher J-V characteristics than that of
CE prepared by SP and that’s due to its high crystalline surface. An increase in
the crystallinity causes a less trap-state density, which seems to significantly
affect the interfacial electron-transfer dynamics and lead to a slower electron
recombination rate in this material.* However, the current density and conversion
efficiency of a-Fe203 CE is much lower than Pt CE. Compared to a-Fez203
electrodes, Pt shows remarkable catalytic activity for I3 reduction with a sharp
slope of current-voltage curve. The low performance of a-Fe203 could be due to
various factors such as specific surface area, porosity and crystal plane
orientation.®® The morphology of counter electrode materials can act as an

effective factor in improving the catalytic activity in a DSSC.36:37

7.4. Summary of a-Fe203 as Counter Electrodes

In this research, a facile deposition methods such as AACVD and SP were used
to synthesis different morphologies of a-Fe2Os as counter electrodes. Also,

photovoltaic performance of different morphologies of a-Fe2O3 was examined.
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The results show that the efficiency of the samples prepared by AACVD is higher
than of the samples prepared by SP. Although, the performance of a-Fe203 with
better crystalline exhibit higher electrocatalytic activity, it still far away from that
of Pt. This lack of performance can be attribute to several reasons such as
specific surface area, porosity, crystal plane orientation and morphology. The
enhanced electrocatalytic activity of a-Fe2Os counter electrodes leads to more
efficient DSSCs. All the above findings will offer useful insights into designing

and develop cost-effective and highly efficient CE structures in DSSCs.
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Chapter 8: Conclusion and Future Work

8.1 Conclusion

The work detailed in this thesis has covered a detailed study on the fabrication
and design of nanomaterials for solar energy conversion and photo-catalytic
applications. One of the main contributions of our work is to study new material
and investigate there application in hydrogen generation and photo-catalytic dye

degradation.

A comprehensive literature on different materials used for photoelectrochemical
water splitting and photocatalytic water treatments have been provided. In
particular, investigate the basic principle and mechanism behind water splitting
and dye degradation processes have been investigated. This allows us to
investigate a new material that can strudel these reactions efficiently. The
materials used in these reactions have to satisfy three conditions in order to
perform high- efficiency solar water splitting and photocatalytic dye degradation.
They should have an appropriate bandgap energy, a suitable position of the
bandgap, and chemical stability. Moreover, the nanostructured thin film shows
superiority over nanoparticle powders that have issues of recollection and their
toxicity to the environments which hinder their use in hydrogen generation and

photocatalytic application.

P-type YFeOs photocathode fabricated by a novel and inexpensive spray
pyrolysis technique has yields a photocurrent density of 0.6 mA cm=2 at 0.5 V vs.
RHE. In addition, YFeOs photocathode has shown high stability with a p-type
response over a 21 hour period. Optical measurements showed that the

photoelectrode has a bandgap of 2.45eV. Water splitting test prove that the
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YFeOs photocathode generate 0.41 pmol/cm? of hydrogen after 6 hours without
external bias. The second cycle of hydrogen test proves that the electrode is re-
usable and 0.35 pmol/cm? of hydrogen is generated after 6 hours of light
illumination. These findings undoubtedly prove that YFeOs is a potential
candidate to act as a photocathode for unassisted water splitting to generate

hydrogen at a competitive cost.

Bi2WOs photoelectrode is successfully fabricated with controlling texture using
spray pyrolysis (SP) process and photocatalytic performance in degradation of
Rhodamine B(RhB) is investigated. It is found that the annealing temperature has
a strong influence on the texture, morphology and the photocatalytic activity of
Bi2WQOs. The sample prepared at high temperature (525°) has shown high

photocatalytic activity and complete degradation of RhB is achieved in 45min.

Bi2WOs photoelectrode is successfully fabricated using aerosol assisted
chemical vapour deposition (AACVD) method. There photocatalytic performance
in degradation of methylene blue (MB) dye is investigated. It is found that the
fabrication method and carrier gas flow have a strong impact on the texture,
morphology and the photocatalytic activity of Bi2WOs. The sample prepared at
low carrier gas flow with Hierarchical microsphere structures has shown the
highest degradation efficiency of MB compared to the one prepared at high carrier

gas flow.

Based on collaborated work, a-Fe203 electrodes with different morphologies are
fabricated using facile deposition methods such as AACVD and SP. Its
photovoltaic performance as counter electrodes in dye-sensitized solar cells
(DSSCs) was examined. Our results show that deposition methods have a strong

effect on morphology and photovoltaic performance of a-Fe203 electrodes.
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Samples prepared by AACVD method possess high efficiency than of the
samples prepared by the SP method. However, this performance still far away
from that of Pt. The enhanced electrocatalytic activity of a-Fe2Os counter
electrodes leads to more efficient DSSCs. All the above findings will offer useful
insights into designing and develop cost-effective and highly efficient CE

structures in DSSCs.

8.2 Future Work

To the best of my knowledge, hydrogen is produced successfully for the first
time spontaneously during a water splitting test without any external bias being
applied using YFeOs photocathode as a single material. These results exhibit that
YFeOs is a promising candidate to act as a photocathode for unassisted PEC
water splitting to generate solar fuel (hydrogen) cost effectively. However further
work is required to investigate and improve the efficiency and stability challenges
of YFeOs photoelectrodes. If we intend solar-to-hydrogen devices to be
competing with other sources of renewable energy there is need to lower both
the cost of the materials and increase their efficiency (and to start testing

photoelectrochemical devices bigger than 3 cm?!).

Future works on the YFeOs photocathodes will be focused on understanding
and improving the efficiency and stability of this photocathodes. Doping has been
proven to be a highly successful method of enhancing the photocatalytic activity
of semiconductor materials. Noble metals such as gold and silver have the
potential of improving performance and light-harvesting capabilities.
Furthermore, investigation of new strategies and fabrication methods to improve
the process of water splitting in the hope that it will become an industrially

applicable clean energy resource in the near future.
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Bi2WOs photoelectrode shows potential photocatalytic performance in
degradation different types of dyes such as MB and RhB. Future studies can be
focused on understanding and improving their characteristic. Furthermore,
employing the combination of chemical modification with different synthesis

strategies can play an important role for further improvement.
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