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Solar radiation is an enormous and continuous resource that can provide our planet
with all of the energy it requires. Semiconductor nanomaterials can be utilized as
photocatalysts to separate hydrogen from water and use it as a green and sustainable fuel
using photo-electrochemical cells. In this study, we developed, modified, and
functionalized tungsten oxide (WOx), bismuth vanadate (BiVOas), and double-layered
tungsten oxide/bismuth vanadate thin films (BiVO4/WQO3) as photo-anodes for photo-
electrochemical water splitting. The DC and DC reactive sputtering techniques were used
to fabricate and control the properties of the deposited tungsten oxide films. Characteristics
such as crystallinity phase, oxidation phase, annealing temperature, annealing
environment, and thickness have a significant effect on achieving the appropriate bandgap
that can absorb a wide range of the visible light spectrum and improve the charge transport
parameters of the active photoanode. A novel method for producing a pinhole-free BiVO4
thin film was developed using a combination of sputtering and drop-casting techniques.
Using this method enabled us to fabricate continuous, stable, and porous structured BiVOs
films. Additionally, heterostructure photoanodes with double layers of BiVO4 and WO3

films were synthesized and tuned to enhance the oxygen evolution reaction efficiency of
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the PEC. Besides, a photo-assisted electrodeposition approach was used to deposit Co—Pi
with optimum thickness onto the surface of BiVO4 and BiVO4/WOs films. The structural,
morphological, optical, and compositional characteristics of the developed photoanode
films were studied using XRD, FE-SEM, UV-Vis, and XPS, respectively. The
photocatalytic performance, such as photocurrent, photocurrent efficiency, and charge
transfer rate of the prepared photoanodes, were evaluated in dark and light using an
electrochemical workstation and solar simulator. DFT computations helped to investigate

the electronic nanostructure of WOx and BiVO4 photoanode films.
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CHAPTER 1

INTRODUCTION

1.1The Energy demand and global warming

The theoretical capacity of renewable energy exceeds present and forecast world
energy demands, opening the door to climate change mitigation and a foundation for
long-term economic prosperity [1]. As a result, renewable energy generation has
received much attention to reduce greenhouse gas (GHG) emissions. In 2018,
electricity generation from renewable sources climbed by 7%, with nuclear energy
playing a more significant role. In addition, renewable energy accounted for 25% of
global power generation [2]. However, the increase in renewable energy generation has
not kept pace with the rise in energy consumption [2]. Renewable energy must account
for two-thirds of energy generation by 2040 in order to satisfy the IEA's (International
Energy Agency) worldwide targets as part of its sustainable development scenario,
which involves the use of renewable energy in all areas, including transportation,

energy production, and heating [2,3].

A hydrogen economy could be a viable alternative to a carbon-based fuel system.
Hydrogen has the potential to be a "clean™ chemical fuel because the only byproduct
produced when energy is released through combustion or in fuel cells to produce
electricity is water vapor. The American scientist Craig A. Grimes mentioned in his
book that hydrogen could be used as fuel in the future as a replacement of the fossil

fuel for a few reasons [4]:



1- Hydrogen can be produced from water, and hence it can be considered a renewable
energy source.

2- Hydrogen can store around 2.7 times the energy that can be stored in gasoline by
weight. Gasoline can store about 45 MJ/kg of fuel, while hydrogen can store around
120 MJ/kg of its fuel.

3- Hydrogen can be extracted from water through the photoelectrochemical water-
splitting process.

4- Electricity can be generated from hydrogen in fuel cells.

5- Hydrogen can be transported through tankers or pipelines for large distances.

6- Hydrogen is a clean energy carrier as its use, production, transportation, and storage

do not cause air pollution and generate harmful gases.

However, current hydrogen generation methods, such as steam reforming of
methane, which accounts for around 90% of hydrogen output, are CO; intensive
(accounting for 3% of annual global CO> emissions) [5], and thus are not an ideal
decarbonization pathway for a low-GHG emission energy carrier system at this time.
Nonetheless, hydrogen can be produced in a renewable manner by combining
photovoltaics with electrolyzers for water electrolysis or by using photocatalytic solar
water-splitting [6-8]. The hydrogen produced can then be used as an energy-carrying
medium in sectors such as electricity generation via fuel cells, transportation via

electric vehicles, and home heating via hydrogen-powered boilers.

1.2Photoelectrochemical water splitting
The photoelectrochemical process is a process of splitting water into its two
components, oxygen and hydrogen, using solar power [9-11]. It was first demonstrated

2



by Honda and Funishima [12], whose photoelectrochemical cell (PEC) was formed of
a platinum electrode that functioned as a cathode, and TiO> ( n-type semiconductor)
electrode utilized as photo-anode. Principally, in PEC, electrons and holes are
generated due to the illumination that drives an electrolysis reaction at the interface
between the electrolyte and the surface of the semiconductor [12-14]. By inserting
semiconductor electrodes inside the electrolyte, an energy band pending will accrue
due to charge transfer between the semiconductor and electrolyte, creating a depletion
region at the semiconductor/electrolyte interface [13]. Upon illumination, the
electron/hole pairs will be generated. The holes will be attracted to the
semiconductor/electrolyte interface to oxidize the water. At the same time, the electrons
will be transferred to the cathode by the external biased voltage to reduce the hydrogen

[13,15]. Scheme 1.1 describes the photoelectrochemical water-splitting process.

apoue-0)oy ]

Scheme 1.1. Photoelectrochemical water splitting process.
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At the semiconductor photo-anode, the generated holes in the valance band (VB)
and the excited electrons in the conduction band (CB) contribute to the water splitting

process at the cathode and photo-anode as follows [16]:
Anodic Oxidation:
2H,0 + 4hiz - 4H' + 0, Eqg. (1.1)
Cathodic Reduction:
AH* + 4e;p — 2H, Eqg. (1.2)
Overall water splitting process reaction:

4hv + 2H,0 - 0, + 2H, Eq. (1.3)

As can be seen from Eqg. (1.1), four equivalents of holes are required per one mole
of Oz, making this half-reaction kinetically slow. As a result, oxygen evolution is
generally seen as the kinetic bottleneck for the complete water splitting process, and

improving the kinetics of this reaction is a critical challenge [17].

The minimum energy required to break the water into H, and 0, is 1.23 eV.
Hence, the ideal photocatalytic materials should have a high ability to absorb and
generate electron/hole pairs under visible light radiation (400-700 nm) [18]. In addition,
the valance band edge of the material should be at potential energy more positive than
1.23 eV for water oxidation, and the conduction band at potential energy more negative
than 0 eV for hydrogen reduction [18]. Moreover, the ideal photocatalytic material

should have high chemical stability, efficient charge transport, and relatively low cost



[19]. The efficiency achieved by solar radiation is not high due to the presence of some
inhibiting factors such as electron-hole recombination and reaction cell potential

[16,20,21].

1.2.1 Electron-hole recombination in semiconductor's photoanodes

The bandgap of semiconductors is a critical consideration when using them as a
photoanode in photoelectrochemical water splitting. Having a proper bandgap
facilitates and maximizes the generation of the charge carriers required for the water-
splitting process. However, following charge generation, electron-hole recombination
losses (for a given material bandgap) constrain the efficiency of the photoanode due to
the poor charge collection by water molecules [22]. For photoanodes, in order to drive
redox reactions after the photoexcitation, electrons in the conduction band must reach
the back contact and be extracted into the external circuit; meanwhile, holes in the
valence band must be transferred to reach the semiconductor/electrolyte interface to
oxidize the water. This process is based on the speed at which charges flow through the
semiconductor material [23]. Therefore, higher recombination losses and hence lower
efficiencies can be caused by poor charge transport properties of the photoanode's
material [23]. Furthermore, sluggish interfacial reaction Kinetics can result in charge
accumulation, which can cause surface recombination losses, as is commonly the case

with a kinetically slow water oxidation process [24].

1.2.2 The interface between semiconductor photoanode and electrolyte
The Fermi level of a semiconductor equilibrates with the redox potential of the

electrolyte when it comes into contact with an electrolyte [24]. The majority of the

charge carriers in the n-type semiconductor (electrons) diffuse from the bulk to the

5



interface and then transfer to the electrolyte until equilibrium is reached [24], as shown
in scheme (1.2). The flow of electrons from the semiconductor to the electrolyte
depletes the region near the semiconductor's surface [25]. The space-charge layer
(SCL), with a width of WscL, is known as the depleted zone. Electric field build-up
occurs across the SCL, resulting in band-bending, which is critical for separating the
photogenerated charge [24]. The adsorption of negative ions in the electrolyte to the
semiconductor surface field, which is mainly located within the Helmholtz layer of the

electrolyte, counteracts the space-charge field [26].

Before equilibrium After equilibrium
EC
EF ———————————
ERedox
E,
.n-type electrolyte n-type electrolyte
semiconductor semiconductor

Scheme 1.2. Band diagram for semiconductor/electrolyte interface.

1.2.3 The applied potential effects

Typically, photoanodes' performance is determined by plotting the photocurrent as
a function of applied potential (J — V curves), as shown in Fig. (1.1). The dark current
is associated with the electrochemical water oxidation catalysis ability of the
semiconductor [27]. On the other hand, when the photoanode is irradiated with light,
photogenerated holes in its valence band are capable of oxidizing water (if the valence

band has sufficient potential energy to drive this reaction). The photocurrent onset is



constrained by the photoanode's flat band potential (\Vrg) [28], which is the potential at
which no band bending or charge depletion occurs [29]. However, experimental
evidence indicates that the overpotentials related to water oxidation, bulk
recombination losses, and surface recombination processes cause a non-ideal behavior

on photocurrent generation.

Positive applied potentials are crucial to get high photocurrents in photoelectrodes.
When a photoanode is charged positively, a potential drop across the space charge layer
occurs at the semiconductor/electrolyte interface, whereas a larger potential increases
the space charge layer field and the WscL [30]. The band-bending in the SCL reduces
loss processes such as back-electron hole recombination [24], which is usually observed
to dominate at photocurrent onset potentials. Additionally, as a positive bias increases,
the charge separation rates improve, resulting in a bigger number of holes migration to
the semiconductor/electrolyte interface. At applied potentials just above the Vrg, the
band bending within the SCL is commonly inadequate to cause charge separation,
resulting in the dominance of recombination processes and the absence of photocurrent
[25]. When applied at moderately positive potentials, the width of the space charge layer
expands, which promotes charge separation and pushes holes to the surface [25]. These
holes aggregate near the surface and are capable of accelerating the oxidation of water.
However, the accumulating holes at the surface are coulombically attracted to the bulk
electrons, resulting in back electron-hole recombination (BER) processes that compete
kinetically with water oxidation [24]. This causes an electron backflow from the
external circuit, which usually manifests as negative spikes on transient photocurrent

measurements [31]. When the photoanode is charged to a high positive potential, the



increased band bending across the space charge layer suppresses back electron-hole
recombination, allowing the holes stored at the surface to accelerate water oxidation
[31]. The amount of bias required to eliminate back electron-hole recombination losses
varies based on the photoanode's material; for bismuth vanadate (BiVOa), this value
has been reported to be 1.2 VV more positive than the Vrg [32], while for hematite

(Fe203), the value has been reported to be 0.8 V [31].

0_ I
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Figure 1.1. Photocurrent as a function of applied potential (J — V curves).

1.2.4 The photocurrent at a semiconductor-electrolyte junction
The physical parameters of the semiconductor material used as the photoanode in
the photoelectrochemical water splitting cell are critical in determining the PEC's
effectiveness. By identifying these features, we can optimize and change them to increase
their photocatalytic activity. To conclude the photocurrent created at the PEC, incoming
light with photon energy greater than the band gap of the photoanode material will result
in the formation of electron-hole pairs. This pair is separated by the electric field generated

by the electron transfer between the semiconductor fermi level and the electrolyte's redox



potential [33]. The photoexcited holes are then trapped on the surface of the photoanode,
while the electrons are transported to the cathode for water reduction. The Schottky barrier
between a metal and a semiconductor can be used to simulate the junction between the
semiconductor and the electrolyte [34,35]. Moreover, the photocurrent is dependent on
additional characteristics such as the semiconductor's conductivity and the applied bias
potential [36]. Scheme 1.3 illustrates the photoelectrochemical water oxidation process by

n-type semiconductor film.

-2-
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Scheme 1.3. lllustration of the photoelectrochemical water oxidation process by

n-type semiconductor film.

In general, the total photocurrent density, J;,:, generated within the biased

depilation layer is given by the following equation, Eq. (1.4) [37]:
Jiot = Jarf + Jairs Eq. (1.4)

Where Jq,r represent the drift current density caused by the charge charier
generated inside the depletion region, and J4; ¢ is the diffusion current density outside the

depletion region (in bulk) caused by the minority charge carrier.



The J4r¢ is mainly influenced by the number of electron-hole pairs generated by

the incident photon flux @. Hence, the J4,.» can be represented by Eg. (1.5) as follows [38]:

Jars = a f, g(x) dx = q®(e™™ — 1) Eq. (1.5)

Where g(x) is the charge charrier generation rate = @ae™%*, w is the depletion

region width, « is the light absorption coefficient, and q is the electronic charge.

By considering the electron-hole pair recombination occurs at the semiconductor
bulk, the one dimension n-type minority charrier diffusion equation at steady-state could

be expressed by Eq. (1.6) [39]:

az ~Po
D, 5~ T2+ g(x) = 0 Eq. (L6)

Where D, is the hole diffusion coefficient, p is the hole density, p, is the

equilibrium hole density (under illumination), t is the charge carrier’s lifetime.

By using the following boundary conditions:

forx=o00, p=p,
forx =w, p=20

Then, the solution of the one dimension minority charrier diffusion equation is

given by Eq. (1.7):

p=po— (po+Ae™™)e™ /v 4 fem0ox Eq. (1.7)

. . . a?L?
Where L, is the hole diffusion length [40] (L, = /D,7),and A = D,, e afLZ)

The diffusion current is given by Eq. (1.8) [40]:
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dp

Jairr = aDp o Eq. (1.8)
So,atx =w
L _ D
Jairr = 99 (ﬁaip) e™ ™ +qp, i Eq. (1.9)

By combing Eq. (1.5) and Eqg. (1.9), the total current density is given by Eq. (1.10) [41]:

e—DtW

Jioe = 8 |1 =S| + apo 32 Eq. (110

1+aly
The depletion layer width w is given by the following equation, Eq. (1.11) [42]:

ZSSO(E—Efb)

w(cm) = prep

Eq. (1.11)

Where ¢ is the relative dielectric constant, €, is the permittivity of vacuum, Ny is

the doping density (cm™), E is the applied bise potential, and Ejp, is the flat band potential.

1.2.5 Metal oxide semiconductors as photoanodes for photoelectron-
chemical water splitting

Metal oxide-based photoanodes have triggered a lot of interest due to their chemical

stability in aqueous media, appropriate valence bands for driving water oxidation, and for

some materials, visible light absorption [43]. They are also non-toxic and can be

manufactured using low-cost methods that are generally up-scalable. Fig. (1.2) depicts the

band positions and bandgaps of some studied meatal oxides.
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Figure 1.2. Band edges of some metal oxides materials are used as photoanodes for

photoelectrochemical water splitting (adapted from [44]).

As an example of these materials, TiOz is one of the most extensively investigated
photoanode materials; it is a promising material for performing both hydrogen and oxygen
evolution half processes [45]. However, due to the high bandgap (~3.1 eV), TiO2 can absorb
only a small portion of the solar spectrum [45]. On the other hand, WOs3 has a relativity
wide bandgap (~2.9 eV) and is frequently used as a photoanode in oxygen evolution
reactions [46]. BiVOsand Fe2Os3, having bandgaps of 2.4 eV and 2.1 eV, respectively [47,48],
are also common photoelectrochemical photoanodes. BiVOs, in particular, has shown

considerable potential in recent literature [49].
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CHAPTER 2

LITERATURE REVIEW

Photo-electrochemistry of semiconductors is a field that builds on the fundamentals of
electronics, chemistry, physics, and optics. It is a fascinating scientific research field that
compromises the electrochemical systems that contain light exposed semiconductor

materials.

Becquerel is a pioneer in the photoelectrochemical research area. In 1839, he demonstrated
the photovoltaic effect when he used a silver chloride electrode connected to a platinum
electrode in an acidic solution [50,51]. Garrett and Brattain researched the p-/n-type
germanium electrodes in several electrolyte solutions in 1954. They were able to show the
effect of light intensity on the cathodic and anodic reactions [52]. For water splitting, the
TiO2 photo-anode, prepared by Fujishima and Honda in 1972, pioneered the area of the

photoelectrochemical water splitting process [12].

2.1 Tungsten oxide photoanodes
Tungsten oxide (WO3) is generally described as a cubical structure with WOs
octahedra sharing corners [53,54]. However, in reality, and as a result of the aggressive
distortion of the ideal structure, several WO3 formations have been observed. The crystal
structures of WO3 phases are commonly described as tetragonal (a.-WO3), orthorhombic
(B-WO3), monoclinic I (I'-WO3), monoclinic Il (e-WO3), and triclinic (A-WO3) [55]. The
stability of these structures varies according to the temperature of the surrounding

environment. For example, at room temperature, the most stable phase is monoclinic I (I'-
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WO:3) [55]. Figure (2.1a-b) shows the ideal cubic and monoclinic structures of the WOs,

respectively.

(a) Ideal cubic (b) Monoclinic

Figure 2.1. (a) An ideal cubic and (b) monoclinic structures of tungsten oxide

crystal.

Under certain conditions, an oxygen vacancy forms in the crystal of tungsten oxide,
resulting in the formation of substoichiometric structures such as W240gs, W200sg, and
W18049[56]. These sub-stoichiometric phases emerge as a result of the sharing of the edges
or faces of WO6 octahedra [56]. Additionally, the existence of a sufficient amount of
oxygen vacancies in tungsten oxide influences its bandgap, which may improve its
photocatalytic activity as a photoanode [57]. Moreover, the appropriate oxygen vacancies
can behave as electron donors, resulting in a rise in donor density and thus the photoanode's
charge transport properties [58]. On the other hand, while oxygen vacancies provide a lot
of advantages, an excessive number of them may act as electron/hole recombination
centers, reducing the photocatalytic activity of this material [59]. The generation of oxygen
vacancies has been widely employed to enhance the photocatalytic activity of the WOs

photoanode. For example, Yihan Liu et al. [60] synthesized an oxygen vacancy in a WOs3
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photoanode film using hydrothermal synthesis. The oxygen vacancies were formed by
etching the surface of the WOs layer with Ar plasma. The XPS study demonstrated a
reduction of tungsten W8 to W*/W°*. Additionally, the etched sample's visible light
absorption increased due to the narrowing of the WOs bandgap. As a result, the
photocurrent of the WO3 samples was enhanced from 0.9 mA/cm?, in the case of as-
prepared samples, to 1.32 mA/cm? for the etched samples at 1.23 Vrue. Another example
was obtained by Xuefeng Liu et al. Through hydrogen surface reduction, they synthesized
WOs. films. Both WOz and WOz.x exhibit comparable UV-Vis light absorption and optical
bandgap properties. WOs.x, on the other hand, generated a photocurrent 7.3 times that of
WOs. They concluded that the oxygen vacancies significantly enhanced the photocatalytic
activity of the WO3.x photoanode by mitigating electron/hole recombination and improving
interfacial charge transfer properties. Magnéli-phase (W1sQOa9) [61], Which is attracting
considerable interest in different applications, such as solar cells, photocatalysis, and
sensors, is a non-stoichiometric tungsten oxide phase that possesses abundant oxygen
vacancies [62,63]. The oxygen vacancies present in W1gOa9work as active sites and enhance
the adsorption of oxygen molecules from the water [62]. Moreover, the W1sOag phase is
capable of absorbing visible light illumination without the addition of other dopant
materials [64,65]. The photocatalytic activity of Magnéli-phase W1gQOag is dictated by
several factors, such as morphology, particle size, surface area, which are ultimately
controlled by the fabrication method. For example, Chongshen et al.[66] demonstrated that
the light absorption properties of the W1sO49 changed with changing the bulk W1sO49 to

nanorods, nanograins, nanofibers, and nanoparticles. Guojuan et al. [67] found that
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directional growth of W1gOa9 significantly affected oxygen vacancies, bandgap width,

electron/hole separation, and optical attributes.

The morphology of the WOz photoanode film has been found to be one of the
practical techniques for increasing its photocatalytic activity. Multiple morphologies of
WOz have been reported with controlled characteristics, including quantum dots [68],
exposed facets [69], shaped nanostructures [70], hierarchical nanostructures [71], and thin
films [72]. The development of distinct morphologies is mainly determined by fabrication
techniques like sol-gel [73], anodization [74], hydrothermal processes [75], spray pyrolysis
[76], and sputtering [77]. The photocatalytic activity of a WO3 photoanode is strongly
impacted by its optical bandgap and the specific area, which are influenced by the
crystallinity and morphology of the material. For example, Hunge et al. [78] reported that
the balance between the crystallinity and the specific surface area for a WO3 film fabricated
by spray pyrolysis is essential. The authors showed that the photocatalytic activity and the
number of active sites are increased by increasing the photoanode film's surface area and
decreasing its crystallinity. Mohamed et al. [79] investigated two distinct WO3 photoanode
morphologies. The researchers noted that the nanoflake structure was more thermally
stable than the nanoporous structure at the elevated annealing temperature. Specifically,
following 400 °C annealing, the nanoporous structure of the WO3 film collapsed, resulting

in a decrease in its specific surface area and photocatalytic activity.

The sputtering system is one of the effective deposition techniques that can enable
tuning the thin film parameters by controlling the deposition power, gas atmosphere,
working pressure, deposition angle, substrate temperature, and deposition time [80-82]. The

deposition conditions during sputtering have a significant impact on the photocatalytic
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activity of WO3 films. For instance, Limwichean et al. [77] fabricated a WO3 nanorods
photoanode using DC reactive sputtering. They noted that the optical properties,
morphology, and crystallinity of the WO3 film are significantly affected by the deposition
angle and the substrate-target distance. The annealing temperature and atmosphere can also
have a significant effect on the WOs3's characteristics and photocatalytic performance. For
example, Siao Li et al. [83] observed that the morphological and optical properties of WO3
films prepared using a DC reactive sputtering magnetron varied with post-annealing
temperature. Specifically, at elevated annealing temperatures, UV-Vis absorption
increased (350 °C and above). Additionally, the charge transfer properties and photocurrent
density of the produced films changed significantly as a function of the annealing
temperature. Zhao et al. [84] investigated the annealing atmosphere for sputtered WO3
films. The results indicated that annealing in Oz and N2 surroundings might result in the
formation of a physical defect within the WOs crystals. These imperfections have an effect
on the charge transfer characteristics of the film and act as electron/hole pair recombination
centers. As a result, the photocatalytic activity is lower than that of the film annealed in
ambient air. Another essential parameter is the film thickness, which may be changed by
adjusting the deposition time. Valerini et al. [85] noticed a photocurrent increase of
approximately 50% (from 0.025 to 0.045 mA/cm? at 1.23 Vgrue) after optimizing the
thickness of the WO3 photoanode film created by RF sputtering magnetron. They disclosed
that increasing the thickness of the WOs film increased the UV-Vis absorption (deposition
time). However, it was determined that an optimal film thickness (200 nm) exhibited the
highest photocatalytic activity when compared to the other thicknesses (100, 350, and 500

nm). They claimed that while the 350 and 500 nm thick films absorbed more light, their

17



thickness resulted in a longer transport path for charge carriers, resulting in a greater

number of electron/hole recombination events during the charge transport process.

2.2Bismuth vanadate photoanode

Bismuth vanadate is an n-type ternary metal-oxide semiconductor that contains the
following ions: Bi**, V°*, and O% [86]. Tetragonal zircon, tetragonal scheelite, and
monoclinic scheelite are the three primary crystalline forms of BiVVO4[87]. The monoclinic
scheelite structure, shown in Fig. (2.2), exhibits the maximum photocatalytic activity for
water oxidation reaction in PEC due to its ability to its narrower bandgap [88]. The valence
band of BiVOs is typically O 2p, which is low-lying, resulting in deep valence band
positions and relatively high bandgaps. However, in the case of monoclinic BiVOg, the
existence of Bi** with filled 6s states enables hybridization with O 2p levels within the
valence band edge, resulting in a reduction in the bandgap, as demonstrated by density
functional theory (DFT) calculations [89,90] and experimentally [90,91] observed. The
minimum conduction band edge is dominated by V 3d states. DFT calculations and
experimental evidence previously published indicate that the bandgap of BiVOs is direct
[89,91]. In comparison, some computational investigations have indicated an indirect

bandgap for BiVOg, but at a little higher energy, a direct bandgap also exists [92,93].
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Figure 2.2. Monoclinic structure of bismuth vanadate.

Bismuth vanadate was firstly reported as a photocatalyst by Kudo et al. in 1998
[94,95]. They prepared BiVO4 hydrothermally using a mixture of bismuth oxide and
vanadium oxide precursors. Since then, various chemical methods such as metal-organic
decomposition [96], spray pyrolysis of metal-organic precursors [97], spin coating cycles
[98], reactive ballistic deposition [99], chemical vapor deposition [100], and
electrodeposition [101] have been used to synthesize BiVO4 with a variety of different
properties. However, most of the chemical fabrication methods could cause a discontinuous
film, in which the substrate layer is clearly exposed to the electrolyte solution [96], as shown
in Fig. (2.3). The discontinuity of the photoanode film could cause solution-mediated

recombination through back reduction [96].
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(a) MOD, drop-coat (b) MOD, spin-coat (c) Spray pyrolysis

(d) Reactive ballistic depos.}¥§ (e) Electrodeposition
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Figure 2.3. Scanning electron microscopy images of BiVOs films prepared via
different fabrication methods [96].

In addition to the discontinuity problem mentioned above, it is difficult to find a
chemical fabrication technique that is precisely controllable, stable, and suitable for mass
production. Sputtering is a physical thin film deposition technique that allows the
preparation of uniform, durable, tunable, and large dimensional area photoanode for
photoelectrochemical water splitting cells. However, one disadvantage of employing such
approaches may be the possibility of fabricating structure-less films with a limited surface
area available for catalytic reactions. Recently, several attempts have been made to
fabricate BiVO4 photoanode using a sputtering deposition. For example, Madhavi et al.
[102] sputtered BiVOs film using a powder target of (Bi203)o5(V20s5)05. The photoanode
generated 0.6 mA/cm? photocurrent at about 1.23 Vrwe reference electrode. Pedroni et al.
[103] investigated the use of RF sputtering to fabricate BiVOs thin film photoanodes under
a variety of deposition conditions. They discovered that BiVVO4 annealed at 600 °C and

illuminated from the backside produced the highest photocurrent density. According to
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Kodan et al. [104], a BiVOs film fabricated via RF sputtering generated a current density of
0.04 mA/cm? at 0.6 V vs. an Ag/AgCl reference electrode. Additionally, they observed that

doping the BiVO4 with MoOs increased this current density by sixfold.

2.3BiIVO4/WO3 heterostructure photoanode

Separation of charges is critical for creating long-lived charges capable of performing
kinetically slow reactions such as water oxidation, which requires about a millisecond [17].
In photosynthesis, a sequence of redox co-factors results in constructing an electron
transport chain, which converts short-lived molecular excited states to long-lived charges
as a result of charge carrier spatial separation. This increases the lifespan of photogenerated
species from sub-nanoseconds to milliseconds, allowing them to drive sluggish redox
processes [105]. In inorganic systems, semiconductor band offsets can be used to imitate
the energy flows inherent in natural photosynthesis. This has been demonstrated most

successfully with the WO3/BiVO4 heterojunction, shown in scheme (2.1).

Scheme 2.1. BiVO4/WO3 heterostructure for photocatalytic water splitting [106].
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The WO3/BiVOs heterojunction photoanodes have demonstrated considerable
promise and have generated significant interest in photoelectrochemical water oxidation.
For example, Jiangiao et al. [107] synthesized a BiVO4/WOs3 heterostructure photoanode in
two steps, using a hydrothermal technique for the WO3 layer fabrication and dip-coating
for the BiVO4 layer fabrication. Additionally, they use thermal annealing in the presence
of Hz flow to form oxygen vacancies on the surface of the structured BiVO4#/WOs3 film.
Their PEC results indicated that when the BiVVO4 top layer was added, the photogenerated
current density of the pure WO3 film (0.5 mA/cm? at 1.23 Vrre) was doubled, resulting in
a photocurrent density of 1 mA/cm? at 1.23 Vrwe. After thermal treatment, the photocurrent
density was raised to 1.25 mA/cm? at 1.23 Vrue due to the presence of surface oxygen
vacancies. Madhavi et al. [108] reported another example of a BiVO4/WQO3 heterostructured
photoanode. They synthesized 1D tungsten oxide nanorods using a DC reactive magnetron
sputtering method. Further, they deposited the BiVVO4 layer on the surface of the WO3 film
using the RF magnetron sputtering technique. They observed that the individual films had
photocurrent densities of around 0.50 and 0.75 mA/cm? at 1.23 Vree for BiVO4 and WOs3,
respectively. Additionally, when the two films were combined, the photocurrent density

increased to 1.4 mA/cm? at 1.23 VrhE.

2.4The addition of oxygen evolution co-catalyst

Oxygen evolution catalysts are usually used to increase the rate of catalysis by
transferring photogenerated holes from the semiconductor to the catalyst layer, which then
drives water oxidation. For example, Co—Pi [109,110], CoFe — Prussian blue (PB) catalysts
[111], and Ni/FeOOH metal oxyhydroxide-based catalysts [112] have all been used to
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improve the performance of BiVO4 photoanodes. Fang et al. [113] investigated the effect of
Co—Pi loading on the BiVO4 photoanode using the electrochemical deposition method. The
Co-Pi presence enhanced the photocurrent density from ~0.25 mA/cm? at 1.23 Vg, for
pure BiVO4, to ~1.2 mA/cm? at 1.23 Vgrue. A similar Co—Pi deposition method was used
by Jiangiao et al. [107]. They observed an increase in photocurrent density of approximately

65% after adding Co—Pi co-catalyst to their BiVVO4/WOs3 photoanode.

Nevertheless, there is considerable disagreement in the literature about the role of
catalyst overlayers. For example, in the case of Co—Pi, there have been reports of water
oxidation caused by Co—Pi. Forrest et al. [114] showed that the Co—Pi would have enough
chemical potential to drive oxygen evolution reaction at a high applied potential. However,
contradictory results have shown that Co-Pi acts as a surface passivation layer and
increases band bending by forming a Schottky junction to improve charge carrier
separation. For instance, in a recent article published by Krol et al. [109], the authors utilized
the intensity-modulated photocurrent spectroscopy (IMPS) to investigate the Co-Pi
enhancement effect on BiVOs photoanode. They found that the addition of Co-—Pi
passivates the BiVO4 surface and reduces its surface recombination rate by a factor of 10-
20, without a major change in the kinetics of the charge transfer. Furthermore, water
oxidation on Co-Pi is several orders of magnitude slower than on BiVOs, indicating that

water oxidation on BiVO4 may be more favorable kinetically.
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2.5 Thesis outline

This work aimed to fabricate a highly active and stable thin-film photoanode for
electrochemical water oxidation using tungsten oxide and bismuth vanadate. The specific

objectives of this work are the following:

[EEN
[

Prepare of metal oxide based photo-anode films, such as WOz and ZnO, using

various preparation methods.

2- Computational modelling for optimal electro-photocatalytic splitting of water.

3- Study the structural, morphological, compositional properties, as well as charge
carrier dynamics of the fabricated films using different characterization techniques

such as XRD, XPS, UV-vis, AFM, FESEM, PL and FTA.

4- Investigate the photocatalytic activity of the prepared photo-electrodes.

5- Study the effect of the photo-electrode’s oxidation state on the photocatalytic

activity.

7- Investigate the effect of photo-electrode’s thickness, oxygen vacancies, and the
formation of heterostructure with other photoactive material on the electro-

photocatalytic activity of the film.

This thesis is divided into seven chapters, which are as follows:

In Chapter 3, we show the detailed fabrication steps of W18049, WO3, BiVOs4, Co—
Pi/BiVOs, BiVO4/WO3, and Co-Pi/BiVO4/WO3 photoanodes, along with their

characterization methods and parameters.
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In Chapter 4, we demonstrate the structural, optical, morphological, and compositional
properties of two tungsten oxide phases (W1sOs9 and WO3z). Both phases are formed via
sputtering deposition but with distinct deposition patterns. The influence of film thickness,
annealing temperature, and environment on the film's properties is explored and correlated
with their film’s characteristics. We studied the PEC performance of the W18049 and WO3
photoanodes by monitoring their water oxidation process in the dark and light.
Additionally, the theoretical bandgap and density of state of W1s049 and WO3 films are

estimated and compared to the observed values using DFT calculations.

In Chapter 5, we describe a novel approach for fabricating Co—Pi -modified BiVOs thin
film for photoelectrochemical water oxidation by combining sputtering and drop-casting
methods. Using these two approaches enabled us to fabricate a well-controlled, stable, and
porous structured film. Thin-film of Bi2Os is deposited on FTO glass using DC reactive
sputtering. The Bi»Oz film is then modified by vanadium oxide precursor solution by the
dropped cast. The film is annealed and etched to obtain BiVOs film. The thickness of the
Bi>Os film is optimized to maximize the diffusion of the vanadium oxide precursor solution
into the film and thus complete transformation to BiVOa.. Co—Pi is loaded as a co-catalyst
to enhance the BiVO4 film's photoelectrochemical activity toward water oxidation under
visible light radiation. The theoretical bandgap and the band edges values are calculated

using DFT.

In Chapter 6, we fabricate a BiVO4/WOs3 heterostructure photoanode in two stages. First,
we deposit the WO; layer using DC reactive sputtering and subsequently annealing it to
achieve its crystalline phase. Following that, we sputter the Bi»Oz film on top of the

annealed WOs film and then modify it with the vanadium oxide precursor solution via
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drop-casting followed by heat treatment. The thickness of the WOz-based layer is tuned to
maximize the photoanode's PEC performance. The Co-Pi co-catalyst is electrochemically
deposited and optimized on the surface of the BiVO4/WOs film in order to get a higher
photocurrent density when illuminated to visible light. The band structure alignment is

confirmed using DFT calculation.

In Chapter 7, a comprehensive conclusion is obtained to summarize the overall thesis

outcomes.
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CHAPTER 3

EXPERIMENTAL METHODS AND

CHARACTERIZATION

3.1Synthesis of the thin film photoanode

3.1.1 Sputtering Techniques

Sputtering is a process for fabricating thin films that use accelerated heavy ions or
atoms to bombard and extract particles from a solid surface [115]. The extracted atoms can
subsequently be deposited on a substrate that has been positioned within one of the
sputtering surrounding walls. Generally, this process is used to deposit a thin layer of a
particular substance (thin film) onto a variety of different substrates. Sputtering has
numerous advantages over other methods for producing thin films, including thickness
control, surface smoothness, a fast rate of deposition, and film uniformity across a large
area [115]. Sputtering techniques are classified into two types of deposition systems: direct
current (DC) and radio frequency (RF) [115]. Atoms are ejected off their target material's
surface in both disposition systems by exchanging momentum between the accelerated ions
and the material's surface atom. However, DC sputtering is utilized to deposit an
electrically conducting material, which does not accumulate charges as non-conductive
materials do. In addition, when a reactive gas, such as oxygen, is introduced along with the

inert argon gas, it is called reactive DC sputtering.
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The RF sputtering technique, on the other hand, can be used to sputter insulators,
semiconductors, and conductors. RF sputtering makes use of an alternating voltage power
supply with a radio frequency of 13.56 MHz. Alternating current enables bombardment of
the target material while preventing charge accumulation. The accumulated charges are
removed as a result of the electrons responding to the RF frequency. Simultaneously,
because of their high momentum, the accelerated ions will not be attracted. Different
operational parameters affect the sputtering disposition process, such as vacuum level,
substrate type, substrate temperature, substrate to target distance, target composition, gas
pressure, and magnetron power. DC/RF sputtering machine (model NSC-4000,

Nanomaster, USA), shown in Fig. (3.1).

Figure 0.1 Photograph of the sputtering system (IRC-HES / KFUPM)
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3.1.2 Preparation of W1sO4 Thin-Film Electrodes
Tungsten oxide (W1s0a9) photo-anode films were fabricated by annealing the film of
metallic tungsten prepared by the DC sputtering magnetron. Tungsten target (99.995%
purity) was purchased from ACI alloys INC, (San Jose, CA, USA) and was used to deposit
W films on FTO-coated glasses. The deposition was carried out in an argon atmosphere at
a power of 100 watts. To investigate and reproduce the PEC performance of the W1gOag,
two films of each W1sO49 were synthesized with varying thin-film thickness and post-
annealing treatment. In both two parameters, the base and deposition pressure inside the
sputtering chamber was fixed at 9 x 107 and 3.5 x 1073 torr, respectively. To study the
effect of the thin film thickness on the PEC activity of the W1gOao, the sputtered W metallic
films were deposited at varying thicknesses (1, 5, 10, and 20 min), while keeping all other
parameters constant. To investigate the effect of post-annealing treatment on the
performance of the W1gQag, the sputtered W metallic films were annealed in a tube furnace
(OTF-1200X from MTI corp.) at different temperatures in the ambient air. In detail, the
deposited film was inserted in the middle of the tube furnace. Then, the furnace was
adjusted to heat up at the rate of 20 °C/min. to reach the targeted temperature (100, 200,
300, 400, 500, and 600 °C). After 2 h annealing, the tube furnace was switched off, and the

sample was left to cool down inside the furnace in order to reach room temperature.

3.1.3 Preparation of WO3 Thin-Film Electrodes
The preparation of the WOs thin films was carried out using DC reactive sputtering
techniques. A circular disk made from 99.995% of W (purchased from ACI alloys INC,
San Jose, CA, USA) was used as the sputtering target. A conductive coated glass (FTO)

was utilized as a substrate for the deposition of WOs3 films. In order to study the effect of
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post-annealing temperature on the PEC performance, FTO substrates were cleaned, dried,
and placed inside the sputtering chamber. The sputtering chamber was evacuated to an
initial pressure of 8 x 107° torr. The deposition process was performed at 100 watts in a 70
sccm mixture of argon and oxygen (1:1) atmosphere with a working pressure of 3 x 1073
torr. The deposited films were then post-annealed in air or vacuum at different temperatures
for 2 h, and the substrate heater was sealed in an evacuated chamber. The thickness of the
WOs films was controlled by changing the deposition time (5, 10, 15, 20 min) while

keeping the other deposition parameters constant.

3.1.4 Preparation of Co—Pi/BiVO4 Thin-Film Electrodes
A combination of DC reactive sputtering and drop-casting was used to create BiVOs
photoanode films. Firstly, a metallic bismuth target (99.995% purity, purchased from ACI
alloys INC-San Jose, CA, USA) was used to deposit a thin layer of Bi>Os on FTO glass
using a DC reactive sputtering magnetron. The deposition was carried out in oxygen and
argon atmosphere (total flow of 40 sccm, 1:1 oxygen/argon ratio) at a power of 30 watts.
The sputtering chamber was evacuated to a base pressure of 9x10-6 torr before starting the
deposition process, which was carried out at a working pressure of 3x107 torr. The
thickness of the Bi»Os films was controlled by varying the deposition time (1, 2.5, 5, 10,
15, and 20 min) by keeping other deposition parameters constant. After that, 30 pL of 0.15
M vanady! acetylacetonate dissolved in dimethylsulfoxide was dropped on the surface of
the Bi>Os films. The films were then thermally treated in ambient air using a muffle furnace
at 450 °C with a ramping rate of 2° min™* for 2 hours. The excess vanadium oxide layer
was removed by immersing the electrodes in 1.0 M NaOH solution for 10 min. The as-

prepared BiVOs films were modified with a Co-Pi co-catalyst using photo-assisted
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electrochemical deposition. The deposition was conducted at around 1.6 Vrne for various
deposition times (1, 3, and 5 min.) using a 0.5 M Co(NOs)2 in 0.1 M phosphate buffer (pH

7).

3.1.5 Preparation of Co-Pi/BiVO4/WO3 Thin-Film Electrodes

The DC reactive sputtering system was used to fabricate WO3 thin film photoanode. A
metallic W disk (99.995% purity, purchased from ACI alloys INC, San Jose, CA, USA)
was used as a sputtering target. First, F: SnO (FTO) glasses with a dimension of 2 x 1
cm were used as photoanode substrates. To eliminate surface contaminants from these
substrates, they were sonicated in isopropanol for 30 minutes and then rinsed in DI water
for 10 minutes. Following that, the FTO substrates were placed 12 cm away from the
sputtering target inside the sputtering chamber. A variety of deposition periods (1, 2.5, 5,
10, and 15 minutes) were applied to change the WOs films' thickness. The deposition
chamber was evacuated to an initial pressure of 9x10® Torr while maintaining the
deposition pressure at 3x107 Torr. For all samples, the deposition process was carried out
in a 70 sccm mixture of oxygen and argon (35 sccm each) at a power output of 100 W.
Finally, the fabricated WO3 were annealed in ambient air for 2 hours using a muffle furnace

at 500 °C with 10° ramping rate.

As a post-processing step, the BiVO4 layer was placed on the WOs films. As a first
stage, separate WO3 films of varying thicknesses were deposited inside the deposition
chamber. A circular disk of metallic Bi (99.995% purity; purchased from ACI alloys INC,
San Jose, CA, USA) was utilized as a sputtering target to deposit a thin layer of Bi>Oz using
a DC reactive sputtering system. The Bi,O3 layer was deposited using a 30 W deposition

power and a 40 sccm mixture of oxygen and argon (20 sccm each). The initial and

31



deposition pressures were kept consistent with those applied in the deposition of WOs thin
films. Following that, 30 u L of vanadyl acetylacetonate solution in 0.15 M
dimethylsulfoxide was placed on the surface of the Bi>O3/WO3 films to convert it to a
BiVOg4 layer. The drop cast films were subsequently heat-treated for 2 hours at 450 °C with
a 2°/min ramping rate in a muffle furnace. Finally, the extra V203 layer on the BiVO4/WOs3

films was removed using 1.0 M NaOH.

The photo-assisted electrochemical deposition was used to deposit the Co—Pi on the
surface of BiVO4/WOs films. The deposition was carried out with a 0.5 M solution of
Co(NOs3)2 in 0.1 M phosphate buffer (pH 7). Several protentional (0.1, 0.2, 0.3, and 0.4
Vrhe) and deposition times were used (30, 60, 90, and 120 sec) to optimize the amount of

Co-Pi deposition.
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3.2 Structural Characterization Techniques

3.2.1 X-ray Diffraction Analysis (XRD)

X-ray diffraction (XRD) is a well-known technique for studying crystalline materials'
phase composition and structure [116]. The XRD results, in particular, show information
about crystal orientation, phase, and structure parameters like crystallinity, crystal defects,
strain, and average grain size [116]. The XRD principle is based on the X-rays scattered
within the crystal's atoms due to the electron density. A path difference occurs when the
X-ray beam comes into contact with the crystal planes [116]. As a result, the X-rays
scattered from various crystal planes will interfere, either constructively or destructively.
The XRD pattern will form when the constructive interference condition is satisfied, which
occurs only when the incident X-rays are in phase. Bragg's law (Eq. 3.1) defines it as the

angle at which the constructive interference condition is satisfied [116].
nA = 2d sinf Eq. (3.1)

Where is X is the wavelength of the x-rays, d is the interplanar spacing, n is an integer and 9 is the

Bragg diffraction angle. Scheme (3.1) shows the Bragg’s diffraction path.

Incident
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/~/ atomic

planes
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Scheme 3.1. Bragg diffraction schematic
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In this work, a CuKa x-ray source with a wavelength of 1.54 A was used for all XRD

experiments. A Rigaku Miniflex 600 X-Ray Diffraction (XRD) is shown in Fig. (3.2).

Figure 3.2. Photograph of the XRD unit (IRC-HES lab / KFUPM)

3.2.2 Field emission scanning electron microscopy and energy-dispersive
X-ray spectroscopy (FE-SEM and EDYS)

The FE-SEM imaging technique reveals information about the morphological
properties of the tested samples [117]. A focused electron beam is used in this technique
to scan the sample's surface using one of the two different signals: backscattered
electron and secondary electron signals [117]. The morphology of the sample's surface
is determined by the signal contrast of backscattered or secondary electrons. In
general, the backscattered electron signal contrast is used to determine the

compositional difference, whereas the secondary electron signal contrast is used to
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investigate the morphology of the samples. Scheme (3.2) shows the schematic diagram

for the FE-SEM basic component.
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Scheme 3.2. Schematic diagram for the FE-SEM basic component [118]

Furthermore, energy-dispersive X-ray spectroscopy analysis is used for semi-
quantitative and qualitative measurements by analyzing the X-ray signals released by
the sample. An electrically conductive layer should be used to coat the non-conductive
samples to prevent the accumulation of electrons on the specimen's surface.

To identify the nanostructure and the morphology of our fabricated thin films photoanodes,
the electron microscope micrographs were taken with a Field Emission Scanning Electron
Microscopy (Tescan Lyra-3). Fig. (3.3) shows the actual photograph of the used FE-SEM

instrument located at the IRC-HES imaging lab, KFUPM.



Figure 3.3. A photograph of the FE-SEM instrument, IRC-HES imaging lab,
KFUPM.

3.2.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a technique for characterizing samples using
the photoelectric effect to reveal information about their chemical composition.
Specifically, the analyzed sample is excited with X-ray radiation generated by Al or W X-
ray source [119]. If the X-ray energy exceeds the electron's binding energy in the sample's
atoms, the electrons will be ejected out of the sample [120]. The energy spectrum of these
ejected photoelectrons can give information about the composition and the chemical state
from the sample's surface. In the XPS analysis, the core level electrons are the main target
in this analysis since their binding energies are specific to the element from which they
have emitted [120]. The energy level diagram of the photoemission process is shown in

scheme (3.3).
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Scheme.3.3. Energy level diagram of the photoemission process [121]

For a specific material, the energy required to extract the core-level electron to the vacuum
level is equal to the electron's binding energy plus the work function of that specific
material. Einstein's relation of the photoelectron effect (Eq. 3.2) describes the relation
between the incident X-ray photon energy and the binding energy of the excited electron

[122].
E. = hv — E, Eq. (3.2)

Where E}, the kinetic energy of the ejected electron, /v is the photon energy of the x-ray
excitation source, and E,, is the binding energy of the excited electron. However, it is more
convenient to use the Fermi-level (E,;) as a measurement reference in an actual

experiment environment [122]. To do so, Einstein's equation could be reformed as follows:

(Eq. 3.3)

Where ¢ is the work function of the spectrometer. Additionally, actual measurements can

reveal that the binding energies of electrons in a particular shell are shifted relative to
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their theoretical value. This shift occurs as a result of the valance electrons' screening effect
on the core electrons at various material oxidation states [122]. The XPS instruments'

primary component is illustrated in the schematic diagram below, scheme. (3.4).
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Scheme (3.4) A schematic illustration of XPS primary component [123]

In this work, the chemical components of the fabricated photoanodes were studied
by a typical XPS Model: ESCALAB250XI, XPS. The photograph of the used XPS, located

at the Physics department, KFUPM, is shown in Figure (3.4).
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Figure 3.4. XPS photograph (Physics department / KFUPM)

3.2.4 Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis) is an optical characterization method
that depends on the capability of the material to transmit, reflect, or absorb light [124].
The reflectance, absorption, and transmission are complementary to each other as they
correspond to the aspect of light-matter interaction. This technique uses
monochromatic white light with a wide range of wavelengths in nm to irradiate the
tested sample. The photon energy of this light can be calculated using the following

equation (Eq. 3.4) [125]:

where E is the energy in eV, h is the Planck’s constant, ¢ is the speed of light and 4 is the

wavelength of the light in nm.
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In the case of a semiconducting specimen, if the incident photon energy is equal to
or higher than the bandgap of the material, then a photoexcitation process will occur as
a result of incident photons absorption by the valance band electrons, which will be
excited to its conduction band. If the incident photons have lower energy than the
bandgap of the semiconductor, then the photons will be transmitted. In general, the
basic principle of the UV-Vis technique is a measurement of the number of photons
transmitted with respect to its wavelength or energy. The detector determines the
transmittance (T) as a function of the light's wavelength or photon energy. Equation

(3.5) can be used to convert transmittance directly to absorbance [125].
Abs = log () Eq. (3.5)

The absorption coefficient (0, eVem™) as a function of energy can be
calculated by taking the thickness of the film into account, and the optical band gap can

be determined from the Tauc plot [125].
ahv = A(hv — Eg)" Eq. (3.6)

Where Eg is the band gap, and n = %2 and 2 for direct and indirect optical transitions

respectively.

In this work, optical transmittance and optical band gap measurements of the
prepared thin-film sensors were carried out using a double beam UV/Vis

spectrophotometer (Agilent, Cary 5000 UV-Vis-NIR) in the wavelength range of 200-
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800 nm. Fig. (3.5) shows the photograph of the UV. Vis's instrument is located at IRC-

HES lab, KFUPM.

Figure 3.5. A photograph of the UV-Vis instrument located at IRC-HES lab,
KFUPM.
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3.3Photoelectrochemical measurements

A photoelectrochemical cell is a common type of device that generates photocurrent by
contacting a semiconductor with an electrolyte. It consists of a photoactive semiconductor
working electrode and a counter electrode made of metal. Both electrodes are immersed in

the electrolyte and are regulated via a potentiostat.

3.3.1 Potentiostat

A potentiostat is a system that controls the potential delivered to a working electrode
with respect to a reference electrode and monitors the current flowing between the working
electrode and a third electrode, referred to as the auxiliary electrode. These electrodes can
be connected with the potentiostat in two configurations; two-electrodes and three-

electrodes [126].

The two-electrode configurations consist of a working electrode on which the intended
chemistry occurs and a counter electrode that serves as the cell's other half. The applied
potential is measured between the working and counter electrodes, and the resulting current
is measured in one of these electrodes [127]. In a two-electrode configuration, the counter
electrode serves two purposes [127]. It completes the circuit, allowing charge to flow
through the cell, and also ensures that the interfacial potential remains constant regardless
of the current. Under most circumstances, it is impossible to meet both of these
requirements. Maintaining a constant counter electrode potential while current flows is
extremely difficult in a two-electrode system. This fact, combined with an inability to
compensate for the voltage drop across the solution, results in insufficient control of the
working electrode potential in a two-electrode system. Two distinct electrodes are

preferable for carrying current and maintaining a reference voltage [127].
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The three-electrode system eliminates a large number of the disadvantages associated
with the two-electrode configuration. It consists of a working electrode, a counter
electrode, and a reference electrode [127]. Without conducting any current, the reference
electrode serves as a reference for measuring and controlling the working electrode
potential. Therefore, it should maintain a constant electrochemical potential at low current
densities [127]. Additionally, because the reference electrode conducts such a small amount
of current, the iR drop between the reference and working electrodes is frequently quite
small. Thus, the three-electrode system provides a much more stable reference potential
and compensates for the iR drop across the solution [127]. This translates into superior
control over the potential of the working electrode. The Saturated Calomel Electrode and
the Ag/AgCI electrode are the two most frequently used laboratory reference electrodes
[128]. The counter electrode's primary function in the three-electrode configuration is to

conduct all the current required to balance the current observed at the working electrode.

Electrolyte Electrolyte

(@) (b)

Scheme (3.5) Simple schematic of (a) two-electrodes, (b) three-electrodes configurations.
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3.3.2 Photoelectrochemical measurements for WigOs and WOs3

photoanodes.

The photoelectrocatalytic performance measurements, chronoamperometry, liner
sweep voltammetry, and electrochemical impedance spectroscopy of the W1gO49 and WO3
photoanodes were studied in a quartz cell attached to a potentiostat (\Voltalab, model: PGZ
402, Colorado, USA) with a three-electrode measurement system. W1gOa9 and WO3 films,
saturated calomel electrode (SCE), and platinum coil were used as working electrodes,
reference electrode, and counter electrode, respectively. A 0.1 M aqueous sodium sulfate
(Na2S0Oa) solution was used as an electrolyte. A 300-watt xenon lamp (Model: Max-303,
Tokyo, Japan) was used as an illumination source with a wavelength (1) range of 300 to
600 nm and 100 mW cm2 light intensity. The charge transfer resistance (Rc) of the
deposited films was evaluated under dark and light using electrochemical impedance

spectroscopy (EIS).

3.3.3 Photoelectrochemical measurements for Co—Pi/BiVO4 and Co-
Pi/BiVO4/WO3 photoanodes.
The photoelectrochemical measurements were carried out in three-electrode configurations
by using a NOVA potentiostat (PGSTAT 302N). The BiVO4 and modified Co—Pi/BiVOs
photoanodes with the geometrical area of 0.25 cm? were used as the working electrodes
with Ag/AgCl (3.0 KCI) as the reference and Pt as the counter electrode. An aqueous
solution of 0.5 M phosphate solution (PBS) was used in the Teflon made cell with a quartz
window from one side for photoelectrochemical measurements. The solar simulator from

1002 SunLiteTM (ABET technologies) to obtain simulated solar light and calibrated from
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the silicon reference cell. The measured potential vs. Ag/AgCl (Eagagci) reference

electrode was converted to the reversible hydrogen electrode (RHE) by following Eq. (3.7)

Erng = Eagager +0.0591.pH + EQy /asci Eq. (3.7)

where Ep/,4¢; IS the standard electrode potential = 0.198, and the pH of PBS is 7.0.

The chronopotentiometry response for BiVOs and Co-Pi/BiVOs photoanodes were
measured to calculate IPCE response at 1.23 VRHE. The collimated monochromatic LED
light source (high—power LEDs-Thorlabs) with different wavelengths were used, and the
intensity of light was calibrated by using photodiode (FDS100-CAL, Thorlabs). The IPCE

% values were calculated by using Eqn. (3.8):

1240 Jpp

IPCE (%) = = x 100 Eq. (3.8)

Plight

where Jph, Plight, and X are the photocurrent density (mA cm™), a power density of the

light (mW cm), and incident light wavelength, respectively.

The electrochemical impedance spectroscopy results were measured by using the
same NOVA Potentiostat electrochemical setup. Nyquist plots were measured at various
potentials with the frequency range from 0.1 Hz to 100 kHz at 10 mV amplitude-frequency
under standard illumination conditions. Additionally, the Mott-Schottky plots were

measured at 10 kHz in a potential window from 0.3 — 1.4 Vrye in the dark.
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3.4 Theoretical calculation

Density functional theory (DFT) is an efficient method for estimating the electronic
structural properties of solids, molecules, and atoms [129]. It employs the fundamental laws
of quantum physics to gain a quantitative knowledge of material qualities. Unlike the
many-body wave function method, DFT theory uses one-body density as a fundamental
variable [129]. The density of the many-body wave function is a function of 3N coordinates.
However, density functional theory is the only function of three spatial coordinates;

therefore, it is computationally feasible even for large systems [129].

DFT describe the ground state of systems of N-interacting electrons using the following
Hamiltionain (H) equation [129]:

A~

A=T+V+7V,

SRR I CH RS i L2 Eq. (3.9)

=1 Irerl r|

Where T is the kinetic energy operator, ¥V is the potential energy operator, and 7, is

the interaction energy operator.

The fundamental roles of the density functional theory were described by the famous

Hohenberg—Kohn theorem, which can be summarized as follows [129]:

1- For any system with interacting electrons, the external potential V (), Hamiltonian,
and other physical properties can be uniquely determined from the ground state
electron density n(r) of that system.

2- For any system characterized by ground-state potential v,, the ground-state density

ny(r) and energy E, can be obtained using a variational principle that involves only
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the density; in which, for a proper ground state density, the ground-state energy can
be written as a function of the density E,,[n], which in turn gives the ground-state
energy E,. The densities function should hold the following inequality:
Ey = E,olngl < Eyoln] Eq. (3.10)
3- The energy functional can be written in terms of a functional F[n] as follows:

Eyolnl = Fln] + [ d*rvy(rn(r) Eq. (3.11)

Where F[n] is a universal functional that describes the particle-particle coulomb
interaction and is independent of the potential v,(r) of the particular system under

consideration, that is, it has the same functional form for all systems.

Since the explicit density dependence of F[n] remains unknown, several
approximations have been suggested, such as Thomas—Fermi approximation and Kohn—
Sham equations. Kohn—Sham equations are the heart of modern density functional theory.
It has a form of single-particle Schrodinger equation in which the density is computed from

the N single-particle orbits occupied in the ground state Slater determinant [129]
n(r) = X7 lo: (M) Eq. (3.12)

The main idea of the Khon-Sham equations is to buildup a single particle potential
vg(r) that the density of the auxiliary noninteracting system equals the density of the
interacting system of interest. For that, the universal functional in the Hohenberg—Kohn

theorem can be written in the following form [129]:

F[n] = Tg[n] + U[n] + Exc[n] Eg. (3.13)
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Where T;[n] is the noninteracting kinetic energy, U[n] is the classical electrostatic energy
of the charge distribution, and Ex[n] is the exchange-correlation energy functional, which

describes the exact kinetic and electron-electron interaction energies [129].

The exchange-correlation functions have several forms, such as the local density
approximation (LDA) [130], the generalized gradient approximation (GGA) [131], and
hybrid functionals (HSE, B3YLP.,... etc.) [132]. The simplest approximation is the LDA,
which assumes that the exchange-correlation energy at a point is equal to that of a uniform
electron gas with the same density at that point. By including the electron density gradient,
the GGA attempts to incorporate the effects of inhomogeneities; as such, it is a semi-local
method. Additionally, the hybrid functional is nothing more than a linear combination of

two or more exchange-correlation functionals [133].

3.4.1 Theoretical calculation of WOx

DFT and pseudopotential methods were carried out to obtain the first principle band
structure and density of state (DOS) calculations of WOs3 using Vienna ab initio simulation
(VASP) package. Generalized gradient  approximation (GGA) and
Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional were used to find the
standard band structure and DOS of WOx. 630 eV was set as an energy cut-off for a basis
set. The 6 x 4 x 5 k-mesh of the Monkhorst—Pack scheme was used to simplify the
Brillouin zone for bulk WOy. 107° eV per atom was used as self-consistent field (SCF)
tolerance. Hybrid functional DFT calculation using B3YLP correction functional was used

to get an accurate band gap value.
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3.4.2 Theoretical calculation of BiVO,

Density functional theory (DFT) was used to study the electronic band structure
properties with the help of the Vienna ab initio simulation package (VASP) [134] with the
projector augmented-wave (PAW) method [135]. A generalized gradient approximation
(GGA) and the Perdew—Burke—Ernzerhof (PBE) were utilized to define the exchange and
correlation effects [136]. A conventional cell of pure BiVVO4 was relaxed using a plane-wave
energy cut-off of 400 eV and a mesh size of 6x7x4 using the Monkhorst-Pack method.
BiVO4 unit cell was built from the monoclinic-BiVOs structure with a vacuum region of
about 11 A in thickness in the Z direction to calculate its ionization energy and electron

affinity.

49



CHAPTER 4

TUNGSTEN OXIDE PHOTOANODES

This chapter has studied the influence of the tungsten oxide film deposition methods
and configuration on its photocatalytic activity. Initially, both PLD and sputtering methods
were explored for fabricating the tungsten oxide photoanode. As illustrated in Fig. (4.0a),
the photocurrent density of the tungsten oxide film prepared by PLD was unusable due to
the film's degradation inside the aqueous electrolyte solution (Na2S0s). On the other hand,
the film made by sputtering disposition had better stability over three successive test cycles
than the PLD deposited film, as indicated in Fig. (4.0b), and over two hours of continuous

illumination, as illustrated in the coming sections.
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Figure 4.0. Chopped-light stability test for tungsten oxide films prepared by (a) PLD
and (b) sputtering deposition methods.

Tungsten oxide phases; W1sO49 and WOz, were prepared based on their sputtering
deposition configuration, as described in Chapter 3. For each tungsten oxide phase, the
effect of tungsten oxide layer thickness, annealing temperature, and annealing environment
on PEC performance was investigated and presented in the following sections.
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4.1Structural, morphological, compositional, and optical analysis of
W18049 photoanode’s films.

4.1.1 XRD results of W1gO49 photoanode’s films

Figure (4.1) shows the XRD patterns of the sputtered W film and W1gQOa9 films
prepared under different conditions. The diffraction patterns of the WigQOag films
synthesized by post-annealing of sputtered W films are presented in Fig. (4.1a). As can be
observed, the XRD of films prepared after different deposition times shows sharp
reflections at 26.8°, 34.1° 38.1° 51.8° and 54.8°, which are attributed to FTO glass
substrate. Furthermore, the diffractions centered at 23.5° 24.0°, 24.6°, 28.9°, 33.5°, and
34.0° are ascribed to (010), (502), (103), (004), (113), and (505) planes of monoclinic
W 18049 With P2/m space group (JCPDS No: 84-1516) [137]. With increasing film thickness
(deposition time), the intensity of characteristic diffractions of W1sOug is increasing. The
increase of crystallinity with film thickness has also been reported in the literature and

could be attributed to the energy of the impinging particles [138].

Figure (4.1b) shows the phase evolution from W to WigOu9 as a function of
annealing temperature. As can be seen, the diffractions of the as-fabricated w film and
those annealed at 100 °C and 200 °C show the patterns of the FTO substrate only, indicating
the amorphous nature of the deposited films at these annealing temperatures. As the
temperature increased to 400 °C, the change of the amorphous to the crystalline phase is
demonstrated by the appearance of the diffractions at 35.8°, 40.3°, and 44.1°. These
reflections are attributed to (002), (110), and (112) planes of the W30 phase with Pm-3n
space group (JCPDS No: 41-1230) [139]. Formation of W1gOus9 was observed at higher
temperature; the XRD patterns of the W film annealed at 500 and 600 °C in air atmosphere
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matches well with the monoclinic phase of W1gOag, confirming the transformation of the
W30 film into W1gOag thin film. Thermal treatment of the W30 films in the air provides
further oxygen molecules that are needed for the formation of W1s0Oa9. Notably, no other

diffraction is observed after thermal heating procedures.
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Figure 4.1. XRD patterns of the (a) W1sOas films with varies thickness fabricated by
post annealing of sputtered W film at 500 °C in air (b) metallic W film to W1sOa9
phase transformation as a function of post annealing treatment.

4.1.2 FE-SEM results of W1gO49 photoanode’s films
The surface morphologies of the fabricated films were investigated in detail by FE-
SEM. Figure (4.2) shows the FE-SEM images of the W1gO49 films obtained after post-
annealing of sputtered W films prepared as a function of deposition time. It can be observed
that the thinnest film, deposited for 1 min, has a film thickness of 52 nm (Fig. 4.2a, e), is

mainly consists of closely packed crystal grains, which are spherical in shape with an
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average grain size ranging between 20 and 40 nm, numerous large particles with an average
size of 70 nm, and small sheets. The length and diameter of these sheets are determined to
be about 1.5 um and 20 nm, respectively. Upon increasing the deposition time to 5 min,
Fig. (4.2b, 1), the flat and compact surface of the W1sO4s film evolved into a film with a
thickness of 146 nm that attached with various large sheets over several micrometers. This
transformation may be due to the formation of planar defects induced by the structural
strain caused by heat treatment followed by the aggregation process. The film deposited
for 10 min has a thickness of 290 nm, as shown in Fig. (4.2c, g). It was a form of well-
distributed and interconnected nanosized sheets without any significant voids. Meanwhile,
W18049 film deposited for 20 min shows uniform and stacked sheets to form a nanorods-

like structure with a thickness of 550 nm, as shown in Fig. (4.2d, h).

Low and high-magnification FE-SEM images of the sputtered W films annealed at
different temperatures are shown in Fig. (4.3). It can be clearly noticed from Fig. (4.3) that
the microstructure of the films annealed at 100 °C and 200 °C revealed a compact, voids-
free, and smooth microstructure with small grains. At 300 °C, the deposited film started to
crack, forming a first oxide phase (W30) as a result of particles accumulation. With further
heating, the particles built-up to form small sheets, as shown in the samples annealed at
400 °C. At 500 °C, all the nanoparticles accumulated in groups to form uniform W1gOag
nanosheets. By increasing the annealing temperature to 600 °C, the W1g049 nano-sheets
grew vertically to form a pillar-like structure, as shown in the high-resolution inset image

of the 600 °C annealed sample.
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Figure 4.2. FE-SEM images of W1sOug films deposited for (a) 1, (b) 5, (c) 10, and (d)
20 min. and FE-SEM cross-section images of W1sOag films deposited for (e) 1, (f) 5,
(9) 10, and (h) 20 min. All the films were annealed at 500 °C in air.
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Figure 4.3. Low and high magnification FE-SEM images of the W films annealed at
(a) 100, (b) 200, (c) 300, (d) 400, (e) 500, and (f) 600 oC in air.

4.1.3 UV-Vis results of W1s049 photoanode’s films

The optical properties of the fabricated films are presented in Fig. (4.4). Figure

(4.4a) shows the influence of W1gOag film’s thickness on the ability to absorb light in the
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visible and UV ranges. As can be seen, the light absorption increased with increasing the
film's thickness in both visible and UV ranges. This behavior can be attributed to the
increase in the average particle size caused by the increase of the W mass thickness.
Furthermore, the absorption edge of W1gOag films shifted to a shorter wavelength (blue
shift) with increasing the deposition time, which can presumably be ascribed to the
quantum size effect. The band gap energy (Eg) of the fabricated thin films is estimated from
the Tauc equation, Eq. (3.6), described in chapter 3 [140,141]. From Fig. (4.4b), it was
observed that the bandgap decreases, from 3.65 eV (1 min) to 3.18 eV (20 min), as a result
of increasing the thickness of the films. A similar shift in the band gap of thin films induced
by the variation of the thickness has been reported elsewhere [142]. Furthermore, annealing
temperature also affected the optical properties of the W1gOag films. Films annealed at
temperatures 100 °C to 400 °C were opaque, indicating the metallic nature of the films,
while W1gO4g film annealed at 500 °C and 600 °C (Fig. (4.4c)) showed a certain level of
light absorption in the UV and visible range. Moreover, W10 film annealed at 600 °C
showed a lower absorption level compared to the film annealed at 500 °C. This can be
attributed to variation in the morphology of the two films, as indicated by the FE-SEM
images. The band gap measurement plot of the W1gOa49 films annealed at 500 °C and 600
°C is shown in Fig. (4.4d). The band gap of W1gOus films annealed at 500 and 600 °C are
calculated to be 3.45 and 3.50 eV. The value of the band gap slightly increased with
increasing annealing temperature. This can presumably be due to the improvement in the

crystallinity that resulted in the decrease of localized states in the band gap [143].
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Figure 4.4. UV-Vis absorption spectra and band gap of W1sOa49 films as a function of
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4.1.4 XPS results of W1sO49 photoanode’s films

X-ray photoelectron spectroscopy (XPS) was performed to study the chemical and
bonding environment of the fabricated films. Fig. (4.5a, b) shows the XPS survey scans of
the as-deposited W film and W1gOug film prepared at 500 °C. The results show the presence
of W and O, confirming the high purity of the fabricated films. Moreover, the change in W
4f and O 1s peak intensities of these two films reveal the transformation of metallic W film

to the oxide phase. The W 4f high-resolution spectra were de-convoluted to present the
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chemical binding energies, i.e., W° (W47 (31.1 eV), W4fs;, (32.9 eV)), W (W47 (35.0
eV) WP (W4f, (35.0 eV), Wafs, (37.1 eV)) and WX* (W4f7, (eV), W4fs, (eV), which
is an intermediate oxidation state between W° and W**[144,145]. Fig. (4.5¢c) demonstrated
the as-grown W core level XPS spectra of W4f, which shows the 7/2 and 5/2 spin-orbit
doublet for the W valence state. The presence of the small peaks at 31.6 and 33.8 eV is
assigned to W** such as W30. A typical XPS wide scan spectrum for the W1gOag thin film
fabricated by post-annealing treatment of the as-deposited film at 500 °C in the air is
displayed in Fig. (4.5d). Compared with the W 4f of the as-deposited film, the W 4f peaks
of the W1gOao films are shifted toward higher binding energy, indicating the formation of
a high oxidation state of W (i.e., 5+, and 6+) [146,147]. The high-resolution XPS spectra of
O 1s peaks of the as-fabricated sputtered W, and W1gOago films are demonstrated in Fig.
(4.5e, f). The decomposition of the O1s peaks showed two distinct peaks: (1) the lattice
oxygen peak located at 530.5 eV (OL) and oxygen vacancy peak at about 532.3 eV (Ov)

[148].
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Figure 4.5. XPS spectra of: (a, b) the survey spectra, (c,d) W4f, and (e,f) O1s of the
as-deposited and W1sOag film fabricated by post annealing of sputtered W film at
500 °C in air.
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4.2 Structural, morphological, compositional, and optical analysis of

WO:3 photoanode’s films.

4.2.1 XRD results of WO3 photoanode’s films

The structural evolution of WOz as a function of annealing temperature, deposition
time, and annealing environment was followed by X-ray diffraction (XRD). All the tested
films were deposited on FTO substrate. Figure (4.6a) shows the XRD patterns of the WO3
films annealed at different temperatures, starting from room temperature to 600 "C. It is
clear that the as-deposited WO3 film, as well as those annealed at 100, 200 and 300 °C,
have an amorphous structure, as they were no presence of any diffraction peak. The
diffractions appeared at 26.8°, 34.1°, 38.1°, 51.8°, and 54.8 correspond to FTO [149]. When
the annealing temperature is increased to 400 ‘C, the amorphous phase is discerned to
transform into a crystalline form. The diffractions recorded at 23.5°, 24.0°, 24.7°, 29.2,
34.1°, 34.7°, 42.1°, 50.1°, and 56.2° are attributed to the crystalline phase of WO3. These
diffractions correspond to (002), (020), (200), (112), (022), (202), (222), (400), and (124)
reflections, respectively. The recorded diffractions are in good agreement with those
reported for the WO3 monoclinic structure with P21/n space group (JCPDS No: 01-072-
1465) [150,151]. A further increase in the calcination temperature from 400 °C to 600 °C
did not show a noticeable impact on the XRD of the films. The change in XRD patterns as
a function of deposition time (or film thickness) is shown in Figure (4.6b). All the films
grew in the same WOs3 phase and preferred orientation along (200) plane. The improvement
in the diffraction intensity of the films deposited for 10 min and above, compared with 5
min deposited film, can be attributed to the enhancement in the crystallinity with the

increase in film thickness. The crystallinity improvement in the thicker films can be related
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to the availability of a favorable medium for the atoms' thermal motion, which can lead to
better alignment of crystallites [152]. Similar behavior was observed and reported for other
metal oxides [153-156]. To investigate the impact of the annealing environment, the films
were also annealed in vacuum and air. Figure (4.6¢c) compares the XRD patterns of the
films obtained in vacuum and air by annealing at 500 ‘C. In case of the film annealed in
vacuum showed a single, small, and broad diffraction at 23.9" suggesting the formation of
the WOx phase. The weak crystallinity of WOx film might be attributed to the insufficient

supply of oxygen atoms that can help in the growth of kinetically preferred orientation

[157].
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Figure 4.6. XRD patterns of WOs films: (a) annealed at different temperatures in

air, the deposition time was 10 min, (b) prepared with different deposition times,
annealed at 500 “C in air, and (c) annealed in vacuum and air, deposition time = 10

min and annealing temperature = 500 “C.
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4.2.2 FE-SEM results of WOs3 photoanode’s films

The information about the surface morphologies and the thickness of the WO3 thin
films were obtained by field-emission scanning electron microscopy (FES-EM). The
qualities of the WO3 films collected after post-annealing at different temperatures in the air
are shown in Figure (4.7a, g). For comparison, the image of the WO3 films annealed at 500
°C in vacuum is shown in Fig. (4.7h). The surfaces of the as-deposited and the films
annealed at 100 'C, 200 ‘C, and 300 ‘C were dense, smooth, and crack-free, as shown in
Fig. (4.7a, b, c, and d), respectively. The morphology change started with slight cracking
for the film annealed at 400 "C (Fig. 4.7¢). These cracks might be due to the phase transition
from the amorphous to the crystalline phase, as observed by the XRD. The cracks became
more prominent for the film annealed at 500 °C as the tungsten oxide particles began to
agglomerate (Fig. 4.7f). With a further increase in the heating temperature to 600 °C, the
cracks increased significantly. The tungsten oxide particle aggregation increased to form a
continuous sheet, as shown in Fig. (4.79). The surface of the WO3 film post-annealed at
500 °C in vacuum is smooth with fewer cracks as compared to its counterpart film annealed

in air at the same temperature (Fig 4.7h).

The surface and the thickness of the WOs films obtained after different disposition
times, annealed at 500 °C in air, are obtained by top-view and cross-section of FESEM
images, as shown in Fig. (4.8). The WOz film deposited for 5 min shows a dense, rough
texture and void-free morphology with a thickness of around 87 nm (Fig. 4.8a, €). When
the deposition time increased to 10 min, a few cracks appeared on the film's surface as a
result of thermal aggregation [149], and the film thickness was calculated to be around156

nm (Fig. 4.8b, f). More cracks and voids appeared with increasing the deposition time to
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15 and 20 min (Fig. 4.8c, d). The WO3 film thickness increased to around 294 and 370 nm
(Fig. 4.8g, h), respectively. The obtained results suggest that the evolution of the surface
morphology of the WOz films was dependent on its deposition time or thickness. A similar
conclusion was mentioned in previous studies [158-160]. It is worth noting that the evolution

of the film's thickness was almost linear with the deposition time.
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Figure 4.7. FESEM images of WOs films: (a) as-deposited, and annealed at (b) 100,
(c) 200, (d) 300, (e) 400, (f) 500, and (g) 600 °C in air, and (h) the film annealed at
500 °C in vacuum. All samples are deposited for 10 min.
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370 nm

294 nm

Figure 4.8. FESEM images of WOs films deposited for (a) 5, (b) 10, (c) 15, (d) 20
min, and their corresponding cross-section images (e) 5, (f) 10, (g) 15, (h) 20 min. All

the films were annealed at 500 ‘C in air.
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4.2.3 UV-Vis results of WO3 photoanode’s films

The optical properties of the WOs thin films were investigated by UV-Vis
absorption spectroscopy in the wavelength range from 800 to 200 nm. The recorded spectra
are shown in Fig. (4.9). Fig. (4.9a) shows the UV-Vis absorption spectra of WO3 films
annealed at different temperatures between 100 and 600 °C in air. The absorption spectra
can be seen shifting to the shorter wavelength region as the post-annealing temperature
increased to 600 °C. The increase in the absorption spectra in the visible region for the
films that annealed at elevated temperature (400 — 600 °C) might be due to the increase in
the scattered light caused by the increase in the grain size and surface roughness, as
confirmed by the FE-SEM findings [161,162]. The shift in the fundamental absorption edge
toward a longer wavelength can be explained by investigating the features of the optical
bandgap of the fabricated films using Tauc's relation, Eq. (3.6), for indirect band gap
[140,163]. Figure (4.9b) shows the functional dependence of (ahv)*/? versus the absorbed
photon energy. The optical bandgap of WOs films can be estimated by extrapolating the
liner part of (ahv)'/? curves to zero [163]. The optical bandgap of WOs films decreased,
from 3.2 eV for the as-deposited film to 2.7 eV for 600 °C annealed film, with the increase
in the post-annealing temperature. This behavior can be attributed to the presence of
thermal-induced defects [164]. Annealing at a high temperature can affect the nanostructure
of WO3 by introducing oxygen vacancies. These vacancies create sublevels between the
conduction and valance band of the WO3 band structure and hence decreasing its bandgap
[165]. The influence of WOz film's thickness on UV-Vis light absorption was also
investigated, as shown in Fig. (4.9c). The absorption spectra, below 600 nm, had

significantly increased by the increase of the deposition time, presumably due to grain size
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growth caused by the rise in the WO3 mass thickness. The bandgap of the WO3 films was
found to decrease with increasing the deposition time. The WO3 film deposited for 5 min
showed the highest bandgap (2.9 eV) due to the quantum size confinement [160]. The
bandgap decreased gradually to reach the lowest value (2.7 eV) for the film deposited for
20 min due to the size change from one dimension to the bulk material (Fig. 4.9d). The
annealing atmosphere was also found to have an impact on the UV-Vis absorbance spectra
and optical bandgap of the films, Fig. (4.9¢, f), respectively. The film annealed in air
exhibited a smaller light absorption at a higher wavelength (visible range) due to the
formation of fully stoichiometric WOz film (Fig. 4.9e) [160,166]. The 500 °C vacuum-
annealed film showed a higher bandgap (3.05 eV) compared to 500 °C air-annealed film
(2.8 eV) (Fig. 4.9f); this might be due to the formation of non-stoichiometric tungsten oxide

phase (WOz.). The formation of WO3.x is discussed in the XPS results.
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Figure 4.9. UV-Vis absorption spectra of WO3 films as a function of (a) air
annealing temperature, (c) deposition time, and (e) annealing atmosphere. Tauc's
plot of WOs films as (b) air annealing temperature, (d) deposition time, and (f)

annealing atmosphere.
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4.2.4 XPS results of WO3 photoanode’s films

The compositional analysis of WO3 films was performed using X-ray photoelectron
spectroscopy (XPS), and the data is presented in Fig. (4.10). Figures (4.10a, b, c) show the
XPS survey spectra of as-deposited, air-annealed, and vacuum-annealed (at 500 °C) WOs3
films. All the survey scan spectra confirm the presence of W and O without any impurities.
Figures (4.10 d, e, f) demonstrate the deconvoluted peaks of W 4f spectra for the as-
deposited WOz and WOz films annealed at 500 °C in air and vacuum, respectively. The
deconvolution of high resolution XPS spectra of W 4f in as-deposited film shows two
chemical binding energies of two different oxidation states; W*° (at 33.9 eV (W 4f2) and
36.2 eV (W 4fs12)), and W* (at 35.7 eV (W 4f72) and 37.9 eV (W 4fsp2)) [167,168] (Fig.4.10
d). The presence of W™ oxidation state reflects the existence of crystal defects in the form
of oxygen vacancies [169]. On the other hand, the high-resolution XPS spectrum of air-
annealed WOz film shows only one binding energy spectrum, at 35.6 eV (W 4f72) and 37.8
eV (W 4fs;), which is related to W*® oxidation state (Fig. 4.10e). This confirms the
formation of fully oxidized WOs film as a result of post-annealing treatment in the air. For
the vacuum-annealed film (Fig. 4.10f), both binding energy spectra (oxidation states) of
W* and W*® were found at 33.8 eV (W 4f712), 36.2 eV (W 4fsp2), 35.8 eV (W 4f72) and
37.9 eV (W 4fs)p), respectively. This was caused by the absence of oxygen in the ambient
annealing atmosphere. Figures (4.10g, h, i) show the deconvoluted peaks of O 1s spectra
for the as-deposited WOs; and WO3 films annealed at 500 °C in air and vacuum,
respectively. The high-resolution XPS spectrum of the O 1s for the as-deposited film was
deconvoluted into two binding energies; one at 530.4 eV, which corresponds to lattice

oxygen (Ovr), and the other at 532.1 eV, which is due to the oxygen vacancy (Ov) (Fig.
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4.109) [170,171]. After the air-annealing treatment (Fig. 4.10h), it was observed that the
number of oxygen vacancies reduced compared to the as-deposited film as a result of filling
the vacancies by the absorbed oxygen from the ambient atmosphere [169]. The amount of
oxygen vacancy in the vacuum-annealed film had not significantly changed due to the lack

of oxygen molecules in this annealing atmosphere (Fig. 4.10i).
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Figure 4.10. XPS spectra of (a, b, and c) survey scan, (d, e, and f) W 4f, and (g, h,
and i) O 1s of the as-deposited, air-annealed (500 °C), and vacuum-annealed (500

°C) of WOs films, respectively.
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4.3Band structure calculations of W1sOag

The theoretical bandgap and density of state (DOS) of the W1sOas9 phase were
calculated using DFT calculations, as shown in Fig (4.11). The relaxed structure of the
monoclinic W1g0ag phase is depicted in Figure (4.11a). W1g0ag's electronic band structure
and projected density of state (pDOS) were determined using the GGA-PBE exchange-
correlation function and are presented in Fig (4.11b). W1gOag has a bandgap of around 1.51
eV, which is relatively small compared to the optical bandgap value. This is a frequent
issue with the GGA functional, as it severely underestimates bandgap computations [172].
The DOS reveals that the conduction band (CB) of W1gOag is dominated by W_5d orbitals,
whereas the valance band is dominated by O 2p orbitals (VB). As illustrated in Fig.
(4.11c), the bandgap calculation outcome was enhanced using a hybrid DFT calculation
utilizing the B3YLP functional. As a result, the W1sO49 phase was found to have a direct

bandgap with an energy value of 2.2 eV.
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4.4Band structure calculations of WO3

DFT calculations were performed to evaluate the theoretical bandgap and DOS of
the WO3 photoanode using a similar phase structure. Figure (4.12a) shows the optimized
geometry of the monoclinic WOs structure. The electronic band structure and its projected
density of state of WOg, calculated by using the GGA-PBE exchange-correlation function,
are shown in Fig. (4.12b). The bandgap of WO3s was calculated to be around 1.14 eV, which
is very small compared to the experimental value. This is a common problem with the GGA
functional, which strictly underestimates the bandgap calculations [172]. The DOS shows
that the conduction band (CB) of WOz is mainly associated with W_5d orbitals, while O_2p
orbitals dominate the valance band (VB). The bandgap calculation was improved by
introducing the hybrid DFT calculation using B3YLP functional, as presented in Fig.
(4.12c). It was found that the calculated bandgap was improved to 2.61 eV (indirect

bandgap), which is closed to the experimental value estimated in this article.
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4.5 Photoelectrochemical measurements of W1gOas9 photoanode’s
films.

The PEC performance of the fabricated W1sO49 photoanode films was evaluated in
0.1 M of NaxSOs4 electrolyte under the illumination of a 300 W Xenon lamp. Figure (4.13a)
shows the photocurrent density generated by W1sOag films prepared at different deposition
times at a bias of 0.6 V. Under dark, these samples did not produce any noticeable current.
In the presence of light, photocurrent was measured to be 0.10, 0.25, 0.60, and 0.62
mA/cm? for W1sOag films deposited for 1, 5, 10, and 20 min, respectively. The weak
photocurrent recorded in the presence of W1gQOag thin films deposited 1 and 2 min could be
ascribed to the discontinuity of the film’s layer as indicated by FE-SEM images (Fig. 4.3).
The interconnected sheets of W1gOag film deposited for 10 min showed significantly higher
current density compared to the films prepared after a shorter deposition time. This can be
correlated to the lower bandgap (3.45 eV) and hence its ability to generate a larger number
of electron/hole pairs. W1gOa9 deposited for 20 min generated comparable or a slightly
higher photocurrent than that of the film prepared after 10 min. A probable explanation can
be as follows. All the photoelectrodes were illuminated from the front or coated side. The
generated holes oxidize the water, while the electrons are transported to the counter
electrode [88]. The photogenerated electrons have to diffuse through the entire film’s
thickness to reach the FTO/W1gO49 interface. In other words, an increase in the film
thickness after the optimal point enlarges the diffusion path for electrons and thus increases
the probability of electron/hole pair recombination [173]. Potential-current curves obtained
under intermittent illumination are shown in Fig. (4.13b). The W1gOag films deposited for

10 and 20 min produced a higher photocurrent as compared to the films prepared after 1

77



and 5 min. It is noteworthy that no current was recorded under dark even at high potential
(0.8 V vs. SCE). The effect of annealing temperature on the PEC performance of W1gOag
films is shown in Fig. (4.13c). The potentiostatic measurements were carried out at 0.6 V
vs. SCE. Since the as-prepared samples and those heated up to 300 °C (dashed line) were
almost metallic in nature, the production of low currents was discerned under dark
conditions. At 400 °C, the formation of the W30 phase was observed, as confirmed by
XRD and XPS. The film consisting of W30 layers was found to be photoactive and
produced a photocurrent of 0.4 mA/cm?. Yet, generation of relatively high dark current
was observed. The film obtained at 500 °C generated 0.6 mA/cm?. This film was formed
in the shape of an interconnected nanosheets structure, which has high light absorption and
high oxygen vacancies as confirmed by UV-Vis and XPS results, respectively. These
nanosheets were transformed into a nano pillar-like structure in the case of W1gOug
prepared at 600 °C, resulting in reducing the absorbed light by the film, and hence, reducing
its photocurrent density to 0.3 mA/cm?. A similar trend was observed in the dark or light
when LSV measurements were conducted at voltage range from 0.25 to 0.80 V vs. SCE,
Fig (4.13d). At low biased voltages, 0.0 to 0.20 V, 400 °C sample generated higher dark

current, compared with 500 °C and 600 °C, due to its metallic nature (W3O phase).
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Figure 4.13. PEC performance measurements: Potentiostatic (a and d) and
potentiodynamic (b and d) response of the films obtained at different deposition
time and annealing temperatures. Measurements were carried out under

intermittent light illumination.

79



The charge transfer process and electrical conductivity are very important factors
in semiconductor photoanode materials. Figure (4.14) shows EIS results obtained at 0.6 V
vs. SCE at a frequency ranging from 10° to 10 Hz in 0.1 M NazSO; electrolyte. Figure
(4.14a) shows the Nyquist plots (imaginary vs. real impedance) of W1gQOag films deposited
at different sputtering deposition times and annealed at 500 °C. All the experiments and
measurements were carried out under illumination. One time constant circuit was used as
an equivalent circuit, in which solution resistance (Rs) is connected in series with a sub-
circuit formed of a capacitor connected in parallel with charge transfer resistance (Rct) [174].
It can be seen that the arc radius of the W1sOug films deposited for 20 min (Re=135 ) and
10 min (Re=172 Q) was enormously short compared with 1 min (Re= 760 KQ) and 5 min
(165 KQ) W1g049 films, suggesting significantly faster charge transfer Kinetics in the first-
mentioned W1gOag films [175]. This result was in good agreement with the PEC results.
Nyquist plots of W films annealed at 300, 400, 500, and 600 °C were recorded under
illumination and shown in Fig (4.14b). W1gOag film fabricated at 500 °C (deposited for 10
min) showed a faster charge transfer kinetics (Rc=172 Q), compared to 600 °C (Rct=260
Q), due to its interconnected structure. Furthermore, film heated at 500 °C was also faster
than the films prepared at 300 °C (Rc=430 Q) and 400 °C (Re=240 Q) under light due to
its oxide layer that has higher photocatalytic activity. Charge transfer resistance of W1gQOag
film fabricated at 500 °C was also recorded with and without the light, and the results are
shown in Fig (4.14c). It can be seen that in the absence of light, the Rct of the W1g0ag film
was significantly high (large semi-circle), which is in good agreement with the dark current
shown in Fig. (4.14c, d), and reflects the high photocatalytic activity of W1gOag film. Figure

(4.14d) shows the stability of the photocurrent density of W1gQOa9 film deposited of 10 min
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and annealed at 500 °C at a biased voltage of 0.6 V vs. SCE under illumination. A slow

drop was observed at the beginning (first 2000 sec) due to the double layer charge

capacitance at the W1gOag film/Na2SOg interface [176]. After that, the photocurrent density

stabilizes at 0.56 mA/cm?, and it maintained 100% of this value for 5200 sec, which

indicates the excellent stability of the photo-anode film.
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Figure 4.14. (a) Nyquist plots of W films annealed at 300, 400, 500, and 600 °C under
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4.6 Photoelectrochemical measurements of WQO3 photoanode’s films.

The PEC performance of the WOs films obtained under different conditions was
evaluated under illumination using chronoamperometry and linear sweep voltammetry
tests. All the PEC measurements were carried out in 0.1 M Na>SO4 aqueous electrolyte.
The generation of photocurrent density as a function of time was investigated using light
on/off chronoamperometry test. The results for the WOz films obtained after annealing at
different temperatures are shown in Fig. (4.15a). The measurement was performed at 600
mV vs. SCE. The electrodes did not show any noticeable photocurrent when the light
source was switched-off (~zero dark current). Meanwhile, an instantaneous current density
was generated under illumination, indicating the photocatalytic behavior of the electrodes.
It can be seen that the generated photocurrent density produced by these electrodes was
dependent on their post-annealing temperature. For example, as-deposited film and films
annealed at 100 — 300 °C showed a weak photocurrent (less than 0.2 mA/cm?). However,
a dramatic improvement in the photocurrent was observed for the films annealed at 400 —
600 °C. The films obtained after heat treatment at400, 500, and 600 °C produced 0.6, 0.9,
and 0.7 mA/cm?, respectively. This improvement can be rationalized in terms of electrical
conductivity, which is likely to increase with the phase transition of WOz from amorphous
to crystalline, as confirmed by the XRD [177]. In addition, it can be correlated to the films'
bandgap; a smaller bandgap can absorb more light, and hence more electron/hole pairs can
be generated. Although WO3 film annealed at 600 °C has a smaller bandgap than the film
obtained at 500 °C, the large number of cracks present in the former film can affect its
surface continuity, which in turn can decrease its conductivity. Linear sweep voltammetry

(I-V) curves of WOs films, annealed at a different temperature, were obtained in the range
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of 0 — 800 mV vs. SCE (Fig. 4.15b). The I — V curves showed that the photocurrent of
these electrodes increases with the increase in forward potentials under illumination, which
agrees with the n-type semiconductor [178,179]. Besides, all the electrode films did not
generate any dark current at higher potential (800 mV), indicating a complete photo-
responsive behavior. The effect of deposition time on the PEC performance was also
investigated, and the results are shown in Fig. (4.15c). The maximum photocurrent (0.9
mA/cm?) was recorded with the film deposited for 10 min, followed by the films deposited
for 5 min (0.7 mA/cm?) 15 min (0.6 mA/cm?), and 20 min (0.4 mA/cm?). As determined
by the FESEM, the respective thickness of the films deposited for 5, 10, 15 and 20 min are
87 nm, 156 nm, 294 nm, and 2370 nm. The film's thickness can have a significant impact
on electrical conductivity and charge transfer resistance [152]. Therefore, a thinner film
might have many grain boundaries that can increase the scattered charge carriers [152]. On
the other hand, the thicker film's resistance can also be increased due to the increase in the
charges diffusion path [173]. Similar photocatalytic behavior was observed in the current-
potential (I-V) curves for all thicknesses (Fig. 4.15d). The annealing atmosphere was found
to have a substantial effect on the PEC activity of the WO3 films (Fig. 4.15¢). A smaller
photocurrent (0.1 mA/cm?) was generated from the vacuum-annealed film; this might be
due to its high resistivity (low crystallinity) or due to the formation of non-photo-active
phase (WOs.x). The PEC activity of the vacuum-annealed film remains low even at high
potential; 0.2 mA/cm? at 800 mV vs SCE (Fig. 4.15f).

The stability of the photoanodes is an important metric. The WO3 film prepared
after 10 min deposition time followed by annealing at 500°C in the air was selected to

evaluate the photoelectrochemical stability. The current-time curve recorded at a potential
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of 600 mV for 120 min is shown in Figure (4.15f). The photoelectrode showed an
instantaneous generation of photocurrent when the light was turned on, followed by a slight
decrease during the first 20 min, presumably as a result of electrical double layer
capacitance i.e., accumulation of charge carriers at the electrolyte/film interface. After 20
min, the photoelectrode exhibited highly stable photocurrent generation, and the
photocurrent remained stable at ~ 0.75 mA/cm? for 100 min. After 100 min, the
photocurrent decreased sharply when the light was turned off. This suggests that the
recorded photocurrent was the result of photoexcitation of the WOz and water oxidation

reaction in the presence of light.
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Figure 4.15. PEC performance measurements; light on/off chronoamperometry and
LSV measurements for WOs films (a, b) annealed at different temperatures in air,
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for 120 minutes.
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Electrochemical impedance spectroscopy (EIS) measurements were performed to
study the resistivity and charge transfer process of the WOs films. The measurements were
performed in the frequency range of 10° to 10 Hz. The Nyquist plots (imaginary vs. real
impedance) of as-deposited and annealed (100 — 600 °C) WOs films are shown in Fig.
(4.16a). The results were obtained in the presence of light. All the impedance data was
fitted with a randle circuit, which consists of a charge transfer resistance (Rc) that is
connected with a capacitor in parallel and solution resistance (Rs) in series [180]. It can be
observed that the charge transfer resistance of the films annealed at 400 °C and above are
significantly smaller (Ret = 147, 166, and 289 Q for 500, 400, and 600 °C, respectively) as
compared to the films annealed at 300 °C and below (Ret = 4.7, 7.1, 28.6, and 77.5 K(Q for
300, 200, 100 °C, and room temperature). These findings are in good agreement with XRD
and PEC results; the crystalline WOgz films showed lower resistance and higher
photocatalytic activity than amorphous films. The Nyquist plots of the WOs films, annealed
at 500 °C in air, obtained with different deposition times (or film thickness) are shown in
Fig. (4.16b). The R of the films deposited for 5, 10, 15, and 20 min are calculated to ~250,
~147,~348, and ~433 Q, respectively. An optimal film's thickness is required to avoid high
charge follow resistance in thinner films and electron/hole pair recombination in the thicker
films. To highlight the effect of light on conductivity, the Nyquist plots of the WO3 film
(deposition time = 10 min, annealing temperature = 500 °C) were recorded under light and
dark conditions. The results are compared in Fig. (4.16c). As evident, a huge charge
transfer resistance (Rt = 250 kQ) is registered in the absence of light, explaining the

negligible dark current noticed during on/off chronoamperometry measurements.
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CHAPTER 5

Co-Pi/BiVO4s PHOTOANODES

In this chapter, we developed a BiVO4 photoanode using a combination of sputtering
and drop-casting techniques. These fabrication methods aimed to produce a highly active
and stable film by avoiding the degradation of the film and the texture less morphology of
the BiVOs photoanode. Furthermore, we attempted to reduce electron-hole surface

recombination by adding Co—Pi nanoparticles on the surface of the BiVVO4 photoanode.

5.1Structural, morphological, compositional, and optical analysis of
Co-Pi/BiVO4 photoanode’s films.

5.1.1 XRD results of Co—Pi/BiVO4 photoanode’s films

The X-ray diffraction (XRD) of Bi»Os, BiVOs, and Co—Pi /BiVO; films prepared
with a deposition time of 5 min are shown in Fig. (5.1a). For Bi2Os3, the diffraction patterns
at 20 =25.5, 28.5, 31.2, 33.8, 42.6, 44.4, 46.6, 53.3, 54.8, and 56.6° correspond to a
tetragonal phase of BioO3z (JCPD no: 027-0050) [181,182]. After adding the vanadium oxide
precursor and heat treatment, the Bi>Os films transformed completely into the monoclinic
BiVO4 phase (JCPD no. 14-0688). The formation of monoclinic BiVO4 was confirmed by
the diffractions at 20 = 19.6, 29.7, 31.4, 35.4, 36.0, 40.8, 43.4, 46.8, 47.7, and 54.3°
Transformation of Bi»Oz into BiVOs is found to be dependent on the film thickness, which
in turn depends on deposition time. The Bi2O3 films prepared with different deposition
times, such as 1, 5, 10, 20, and 30 min, and modified with vanadium precursor were heated

at 450 °C. The evolution in XRD patterns is shown in Fig. (5.1b). It can be seen that Bi.O3
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films prepared at 1 and 5 minutes were completely transformed into BiVO4 films, whereas
the films prepared at 10, 20, and 30 min partially retained the Bi.O3 phase. Such behavior
can be correlated to the incomplete diffusion of the vanadium precursor solution into the
thick Bi2Oz films. There were no discernible diffraction patterns for Co—Pi in the Co-
Pi/BiVO4 sample. This could be either due to the non-crystalline nature of Co—Pi or the

small amount of Co—Pi loaded onto the BiVO4 surface.
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Figure 5.1. X-ray diffractions of (a) Bi2O3, BiVO4, and Co-Pi/BiVOu films.
Deposition time =5 min, annealing temperature = 450 °C. (b) Bi2Os and BiVOs films
fabricated at 1-, 5-, 10-, 15-, and 20-min. deposition time, and annealed at 450 °C

with the addition of 30 ul of vanadium precursors.
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5.1.2 FE-SEM results of Co-Pi/BiVOs photoanode’s films

FESEM was used to investigate the morphology and thickness of the fabricated
films. The surface of the Bi>Os film is shown in Fig. (5.2a). As can be seen, the Bi>Os film
has a very rough and compact thin film layer. The thickness of the Bi>Os film, obtained by
cross-section FESEM image (Fig. 5.2b), was approximately 276 nm. The transformation
from Bi203 to BiVOyq resulted in the growth of a uniform and pinhole-free BiVOs film with
interparticle porosity, as illustrated in Fig (5.2c). A low magnification FE-SEM images of
BiVOg film were shown in Fig. (5.2.1). The thickness of BiVVO4 increased to 330 nm (Fig
5.2d) compared to the Bi>Oz film. The surface of the Co—Pi/BiVOs film is shown in Figure
(5.2e). The tiny particles on the surface, ranging in size from 100 to 150 nm, are the Co—
Pi co-catalyst [183]. The EDS spectrum of the Co—Pi/BiVOs film, depicted in Fig. (5.2f),
confirms the presence of the Co, Bi, V, and O elements. The EDS spectrum also contains

peaks corresponding to the gold coating and the FTO glass substrate.
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Figure 5.2. FESEM images of (a) Bi20s3, (c) BiVOs4, () Co—-Pi/BiVOs4 films. FESEM
cross-section images of (b) Bi20s, (d) BiVOs films. EDS spectrum (f) of Co—Pi/BiVOa4

films.

92



Figure 5.2.1. Low magnification FE-SEM images of BiVO4 film

5.1.3 UV-Vis results of Co-Pi/BiVOs photoanode’s films

UV-vis spectra were measured to characterize the optical properties of the
fabricated films, as illustrated in Fig. (5.3). As seen in Fig. (5.3a), the synthesized BiVO4
film exhibits a substantial increase in absorption when compared to the Bi>Oz film.
Additionally, it was observed that the addition of Co—Pi slightly increased the absorption
wavelength edge in the Co—Pi/BiVO4 sample. The optical bandgap (Eg) was estimiated
using Tauc’s equation, Eq. (3.6), as described in Tauc's plot [140], Fig. (5.3b). The bandgap
of Bi2Os film was ~ 2.7 eV. The BiVO4 optical bandgap decreased to 2.36 eV. The addition

of Co—Pi had a slight effect on the BiVOs film's optical bandgap.
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Figure 5.3. (a) UV-Vis absorption spectra of Bi2Os, BiVOas, and Co-Pi/BiVOa4films
and (b) Tauc's plots of Bi2Os3, BiVO4 and Co—Pi/BiVOs films.

5.1.4 XPS results of Co-Pi/BiVO4 photoanode’s films

The composition of BiVO4 and Co-Pi/BiVO4 photoanode films was investigated
using X-ray photoelectron spectroscopy (XPS). The results are shown in Fig (5.4). The
presence of all elements is indicated by the XPS survey spectrum in Fig. (5.4a), confirming
the purity of the fabricated BiVOs sample. Figure (5.4b-f) shows the high-resolution
spectra of each element. For instance, Fig. (5.4b) shows the existence of a Bi** valance
state with binding energies of 159.7 eV (Bi 4f7,2) and 164.9 eV (Bi 4fs/2) [113]. The presence
of the doublet peaks is attributed to spin-orbit coupling. The XPS spectra of V 2p, shown
in Fig. (5.4c), reveals the presence of V°* with doublet peaks at 516.7 eV (V 2psr2) and
524.2 eV (V 2p12) [113]. Figure (5.4d) illustrates the deconvoluted peaks of O 1s. The peak

with the highest binding energy, 531.3 eV, was assigned to the surface absorbed oxygen
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species (Oabs), While the peak with the lowest binding energy, 530.4 eV, was assigned to
the lattice oxygen species (OL) [184]. In the Co—Pi /BiVO4 sample (Fig. 5.4e), Co 2p32 and
Co 2p12 were detected at 781.1 eV and 793.2 eV [185]. Moreover, the peak detected at
133.4 eV is attributed to the phosphate P 2p [185]. The presence of Co 2p and P 2p peaks

support the existence of Co-Pi in the BiVOs film.
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Figure 5.4. XPS spectra of of Co—Pi /BiVOa: (a) survey scan, (b) Bi 4f, (c), V 2p, (d)
O 1s, (e) Co 2p, and (f) P 2p.

5.2Band structure calculations of BiVOg4

To investigate the band structure characteristics of the monoclinic BiVO; structure, the
relaxed geometries of its unit cell were obtained and analyzed. Figure (5.5) presents the

band structure and projected density of states (pDOS) of BiVOas. According to the band
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structure plot, the indirect bandgap was calculated to be 2.01 eV, around 0.4 eV lower than
the experimental value (2.4 eV) [186], which is due to the limitations of using GGA
functionals [187]. The valance band maximum (VBM) is located between G and A points
but closer to A high symmetry points, whereas the conduction band is located at A point.
The projected density of states demonstrates that the orbitals of O atoms dominate the
valance band of the BiVO4 unit cell. The conduction band, on the other hand, is dominated

by V atom orbitals.
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Figure 5.5. Band structure and pDOS of BiVOs structure

5.3Photoelectrochemical measurements of Co—Pi/BiVOs photoanode

The results of the photoelectrochemical studies are shown in Fig. (5.6). As can be
seen in Fig. (5.6a), the thickness of the base film had a significant impact on the

photocurrent density. For example, the photocurrent density of BiVO4 film made froma 1
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min-based film is low (0.15 mA cm at 1.23 Vrue). This is most likely due to the presence
of an excessive number of grain boundaries, which can be exacerbated by scattered charge
carriers [188]. The photocurrent densities generated by BiVVO4 samples prepared with 5, 10,
and 15-min base films were nearly identical and equal to 0.9 mA cm? at 1.23 Vgue.
Furthermore, the photocurrent density of the BiVO4 film synthesized from the 20-minute
base film decreased to 0.3 mA cm? at 1.23 Vrwe. This could be due to the presence of both
BiVO4 and Bi203 phases or due to an increase in film resistance caused by an increase in
the charge's diffusion path [173,189]. A comparison of the PEC performance of the
optimized BiVO4 and the initial Bi2Os electrode is shown in Fig. (5.6.1a). To improve the
performance of the BiVO4 photoanode, a hole scavenger test was performed by measuring
LSV in the presence of 0.5 M Na»SOs, as shown in Fig (5.6b). In this test, all
photogenerated holes are likely to be consumed in sulfite oxidation with a fast charge
transfer rate [190]. The BiVOs film, made from a 5 min base film, had the highest
photocurrent density. For instance, at 1.23 Vrg, the photocurrent density increased from
0.9 mA cm™ to ~3.1 mA cm2. The significant increase in photocurrent generated in the
presence of NaxSOs indicates that all photogenerated holes on the BiVO4 surface undergo
SO~ oxidation. [191]. This observation clearly suggests that the low photocurrent of
BiVO4 had been primarily due to fast charge carrier recombination on BiVOs surface
and/or a low water oxidation Kinetic process. The photocurrent density was lower in
samples with BiVO4 and Bi203 phases (fabricated at 10, 15, and 20 minutes). This could
be due to the presence of Bi».O3, which forms an improper alignment of the bands of bilayer

BiVO4/Bi»03 film. Because the band edges of Bi,O3 are higher than those of the BiVO4
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layer, holes transfer from the valence band of BiVOas to Bi»Os, reducing the number of

holes on the BiVO4 layer's surface and thus lowering the photoanode's activity [192].

Interestingly, the photocurrent increased to 2.87 mA cm2 at 1.23 Vrue With a 0.25
VrHe oOnset potential after loading Co—Pi on a thickness-optimized BiVVO4 photoanode,
which is close to the photocurrent achieved in the presence of the hole scavenger (Fig.
5.6¢). The photocurrent onset potential exhibits a 570 mV negative shift, indicating that
surface charge recombination is minimized following Co—Pi loading. As shown in Fig.
(5.6.1b), the loading of Co—Pi onto the surface of the BiVO4 was optimized using photo—
electrodeposition at different time intervals (1-5 min). The increase in photocurrent caused
by Co—Pi OER on a BiVOs photoanode was confirmed further by measuring incident
photon-to-current efficiency (IPCE). The IPCE of Co-Pi/BiVO. and BiVOs obtained at
1.23 VRrue, and 420 nm is shown in Figure (5.6d). The Co-Pi/BiVO4 has about 25% IPCE
while that of pure BiVOs is 9%. This finding is consistent with the LSV results. The
increase in the IPCE value is due to the surface modification of the BiVVOa, not because of
the difference in light absorption ability, as demonstrated by the UV-Vis absorption results.
For practical application, the stability of photocurrent in the PEC process is crucial. The
chopped light chronoamperometry of Co—Pi/BiVOs and bare BiVVO4 photoanodes at 1.23
VrHe under standard illumination conditions are shown in Fig. (5.6e). The photocurrents
profile of the BiVO4 and Co—Pi modified BiVO4 film confirm their stability. In addition,
the samples were again tested by continuous illumination for 2 h at 1.23 Vrhe, as shown in
Fig. (5.6f). The BiVO4 photoanode demonstrates excellent stability. The Co—Pi/BiVOs, on
the other hand, had shown a rapid decrease in the initial period, followed by a slight

continuous decline to reach 2.5 mA cm,
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Figure 5.6. (a) LSVs of BiVO4 samples with different thicknesses, (b) LSVs recorded

in the presence of hole scavenger (Na2SOs), (c) comparative LSVs of BiVO4 and Co—

Pi/BiVOs, (d) IPCE of BiVO4 and Co-Pi/BiVOs, (e) photocurrent under intermittent
illumination for 600 s, (f) stability test for 2 h.
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Figure 5.6.1. (a) 1-V curves for photoelectrochemical water oxidation of BiVO4 and
Bi20O3 photoanodes measured in 0.5 M PBS under simulated solar light (1 sun, AM
1.5G). (b) I-V curves for photoelectrochemical water oxidation of Co—Pi deposited

on BiVO4 photoanodes at different deposition times.

The anodic spike observed immediately after illumination of Co-Pi/BiVOs is
higher than that of the BiVOs. This indicates that hole accumulation on the Co—Pi/BiVOs
surface is greater than for bare BiVOa. The transient photocurrent (TPC) was measured at
1.23 Vrne under standard illumination conditions to verify this assumption. Both BiVO4
and Co—Pi/BiVO4 photoanodes exhibit anodic photocurrent spikes, as shown in Fig. (5.7a).
The anodic spike (Im) was observed following a sudden illumination, which was caused by
the accumulation of holes on the electrode space charge layer. When the light is turned off,
the anodic spike decays to reach the stable photocurrent (ls). During steady-state
photocurrent, the rate of hole transfer to the surface is stabilized with the rate of hole
recombination and the rate of hole transfer at the semiconductor electrolyte interface (SEI)

for OER. The negative transient photocurrent (cathodic spike) is observed after the light is
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turned off due to the recombination of bulk electrons with holes accumulated in the space
charge layer during illumination. The transient decay time (t) of the Co-Pi/BiVO4 and
BiVO4 photoanodes were further evaluated by including the normalized parameter D in the
TPC measurements to gain more insight into the charge charrier at surface states. The time
at which In(D) = -1 define t value, and the D parameter can be calculated by using Eqn.

5.1 [193] :

D= (lt— |s) / (|m - |s) Eq. (51)

where I, Im, and Is are time-dependent current, anodic photocurrent spike, and steady-state

current, respectively.

As shown in Fig. (5.7b), 1 is calculated by plotting In(D) vs. time. The t for BiVO4
and Co—Pi/BiVO4 photoanodes were estimated to be 0.10 and 0.89 s, respectively. It has
been demonstrated earlier that the higher the value of 1, the slower the recombination on
the surface [194]. In the case of the BiVOs, the holes recombine with electrons from the
CB, reducing the availability of holes on the surface, resulting in less photocurrent. In the
case of the Co—Pi/ BiVOs photoelectrode, the holes are picked up by Co-Pi and then
released to oxidize the water, and hence the holes remain available for a longer period of
time (9 times). The higher photocurrent was achieved for the Co—Pi/BiVO4 photoanode
due to the longer availability of these holes, indicating that suppressed surface
recombination and enhanced charge transfer properties are observed for the water oxidation

process.
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Figure 5.7. (a) Transient photocurrent (TPC) response, and (b) transient decay time
for BiVO4 and Co-Pi/BiVOs electrodes at 1.23 Vrre under standard illumination
conditions in 0.5 M PBS.

The Mott-Schottky (M-S) plots can be used to determine the carrier density (Ng)
and the flat-band potential (Es) for semiconductor materials [195]. The n-type characteristic
property was observed from the positive slope of M-S for both BiVO4 and Co-Pi/BiVOs
photoanodes, as illustrated in Fig. (5.8a). The Ng and Em are extracted from the M-S

equation, Eq. 5.2: [195]

7= e (E—Ep— ) Eq. (5.2)

C3c qeggA2Ng

where Cy is the space charge layer capacitance (F cm™2), g is the elementary charge (1.60
x1071® C), ¢ is the relative dielectric constant of BiVOs (68) [32], & is the vacuum
permittivity (8.85 x1072 N2C? m2), A is the geometrical area in (cm?), Nq is the carrier
density (cm™3), E is the applied potential (V), Es is the flat band potential (V), k is the

Boltzmann constant (1.38 x 10722 J K™), and T is the absolute temperature (298 K).
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The lower slope of Co-Pi/BiVO; indicates that the Co—Pi electrode has a higher
charge carrier density than the BiVO4 electrode. Ng values calculated for BiVO4 and Co—
Pi/BiVO4 are 5.36 x10%° cm?® and 1.43 x102! cm?3, respectively. After Co—Pi passivation on
the BiVOg4 electrode, the cathodic shift in Es, was observed. The Es, was shifted by 210 mV
from 0.66 Vrue to 0.45 Vrre. The cathodic shift in Es makes electrons more likely to

suppress the onset potential for the water oxidation process [196].

The photoelectrochemical impedance spectroscopy method was used to investigate
the effect of the Co—Pi layer on the BiVOs electrode, as shown in Fig (5.8b). The Nyquist
plots of BiVO4 and Co—Pi/BiVO4 obtained at 0.6 Vrne Were fitted to the equivalent circuit
to compare the charge transfer resistance at the surface. After modifying the BiVOs
photoanode with Co—Pi, the charge transfer resistance is significantly reduced. The charge
transfer resistance (Rct) of BiVO4 and Co—Pi/BiVO4 photoanodes were approximately 6.6
and 0.74 kQ, respectively. Because of the extended lifetime of photogenerated holes and
passivation effect observed in TPC and Vpn results, the decrease in charge transfer
resistance makes more holes available at the surface of Co—Pi/BiVOs and participate in the
water oxidation reaction. As a result, a higher photocurrent was observed for Co—Pi/BiVO4

photoanode as compared to the BiVOa.
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Figure 5.8. (a) Mott-Schottky plots (b) Nyquist plot of BiVO4 and Co—Pi/BiVO4
photoanodes under standard illumination conditions (AM 1.5 G), measured in 0.5 M
PBS.

5.4Charge transfer mechanism of photo-induced charge carriers in

Co-Pi/BiVO4 photoanodes

On the basis of the photoelectrochemical and EIS results, the role of Co—Pi on the surface of
BiVO4 has been summarized in Scheme (5.1). For the BiVO4 photoanode, the photogenerated holes
at the semiconductor/electrolyte interface can either (1) recombine with the electrons in the
conduction band or (2) separate and transfer to oxidize water. The former process occurs at a much
faster rate than the latter process. The recombination rate of holes on BiVO, is minimized by
functionalizing with Co—Pi to passivate the surface recombination state of BiVO4. By the loading
of Co-Pi on BiVOy, the lifetime of photogenerated holes is extended, and these holes are utilized
in water oxidation rather than recombining at the surface states. Thus, passivation prevents the

holes from recombining at the surface states, allowing for the water oxidation process to take place.
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CHAPTER 6

Co-Pi/BiVO4/WO3 PHOTOANODES

In this chapter, we attempted to reduce both bulk and surface electron-hole pair
recombination of the photoanode by forming BiVO4/WO3 heterostructure film and surface
modification with Co—Pi nanoparticles. The PEC performance of our final product
Co-Pi/BiVO4/WO3 photoanode was compared with the individual BiVO4 and WO3 films,

as well as with the bare BiVO4/WO3 photoanode.

6.1Structural, morphological, compositional, and optical analysis of
Co-Pi/BiVO4/WO3 photoanode’s films.

6.1.1 XRD results of Co—Pi/BiVO4/WO:3 photoanode’s films

The cryptographic properties of synthesized WOs, BiVOs, and BiVO4/WOs3
photoanodes were investigated using X-ray diffraction (XRD), as shown in Fig. (6.1). The
red circles indicate the diffraction patterns associated with the FTO substrate. The WOs3
films exhibit diffraction peaks at 23.5°, 24.0°, 24.7°, 29.2°, 34.1°, 34.7°, 42.1°, 50.1°, and
56.2°, respectively, which correspond to the planes (002), (020), (200), (112), (022), (202),
(222), (400), and (124). These peaks are consistent with WO3's monoclinic structure phase
(JCPDS No: 01-072-1465) [197,198]. For the BiVOs film, the diffraction peaks at 19.6 °,
29.7°,31.4°,35.4°,36.0°,40.8°, 43.4°,46.8°, 47.7°, and 54.3° are attributed to the (011),
(121), (040), (220), (141), (112), (051), (240), and (310) planes. This diffraction pattern is
matched with the monoclinic BiVVO4 structure (JCPD no. 14-0688) [199], which is the

preferable structural phase in photocatalytic application [200]. In the case of the
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BiVVO4/WOs bilayer film, the diffraction pattern reveals the presence of both BiVO4 and
WO3 monoclinic structures. There were no additional peaks associated with the interaction
of the two layers. Additionally, no evidence for the existence of Co—Pi was observed in the

case of the Co—Pi/BiVO4/WO3 film.

[ ]
-
©
'
=
0
c
o
il
o : ]
— | 1 I .
BiVO,
JCPD No: 014-0688
I.I.I I Ll L1 | wadl 1 L all
Wo,

|| | JCPD No: 01-072-1465

||| 1 Ll PP 11T 2 "

20 30 40 50 60
2 0 (degree)

Figure 6.1. X-ray diffractions of WOs, BiVOa, and BiVO4/WOs films photoanode.

6.1.2 FE-SEM results of Co—Pi/BiVO4/WO3 photoanode’s films
Scanning electron microscopy (SEM) was used to examine the morphology of the

synthesized WOs3, BiVOs, BiVO4/WO3, and Co—Pi/BiVO4/WO3 photoanodes, which are
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shown in Fig. (6.2). The WOz film has a uniform texture less surface with few cracks, as
shown in Fig (6.2a). The thickness of the WOz film was determined to be 156 nm, as
previously reported [189]. The morphology of the BiVVO4 film is depicted in Fig. (6.2b).
The image shows the formation of the BiVOs film as an interparticle porosity structure.
This structure has a large surface area, which is beneficial to the oxygen evolution process.
The BiVO4 layer's tackiness was measured to be around 330 nm. The top view SEM image
of the BiVO4/WOs3 film, Fig. (6.2c), shows a similar structure to the pure BiVOs film,
indicating that the BiVVO4 film is uniformly deposited on the surface of the WO3 film. The
Co—Pi was deposited on BiVO4/WOs film's surface in the form of a nanoparticle with an
approximate diameter of 100 nm, as shown in Fig. (6.2d). The EDS spectrum of the Co—
Pi/BiVO4/WOs film, depicted in Fig. (6.2¢), confirms the presence of the Co, P, Bi, V, W,
and O elements. The EDS spectrum also contains peaks corresponding to the gold coating

and the FTO glass substrate.

108



13
g
g
Q.
a
E
3
)
a
)
=

Figure 6.2. FESEM images of (a) WOs, (b) BiVOs, (c) BiVO4/WOs, and
(d) Co-P/BiVO4/WOs films. (e) EDS spectrum of Co-Pi/BiVOas films,
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6.1.3 UV-Vis results of Co-Pi/BiVO4+/WO3 photoanode’s films

UV-Vis absorbance spectroscopy was used to determine the light-harvesting ability
and optical band gap of the synthesized photoanode films WOs3, BiVO4, BiVO4/WQO3, and
Co-Pi/BiVO4/WQO3, Fig. (6.3). The UV-vis absorption results in Fig. (6.3a) indicate that
the WOs film has an absorption edge at approximately 455 nm (blue region). In contrast,
the BiVOs film begins to absorb light at approximately 580 nm (yellow region). Deposition
of the BiVO4 layer on the surface of the WO3 film shifted its absorption edge to 636 nm
(red region). Additionally, it was observed that adding Co—Pi has no discernible effect on
the BiVO4/WOs3 absorption capacity. The UV-Vis absorption behavior of these
photoanodes was further investigated by estimating their optical band gap using Tauc's plot
[140], Fig. (6.3b). The optical band gap plot was created using Tauc's equation, Eq. (3.6).
The optical band gap of WOs film was estimated by extrapolating the liner part of (a/v)?
versus the energy of the absorbed photon (indirect bandgap). The optical band gap of WO3
was found to be 2.72 eV. On the other hand, the optical band gap of BiVOa, BiVO4/WOs,
and Co—Pi/BiVO4/WOs; were obtained by extrapolating the linear part of (av)? versus the
energy of the absorbed photon (direct bandgap). The optical band gap of BiVO4 film was
estimated to be 2.37 eV. A narrower optical band gap was observed in the case of
BiVO4/WOs3 bilayer film, which indicates that the heterostructure of BiVO4/WOs3
photoanode has a better light-harvesting ability compared to individual BiVO4 and WOs3
photoanodes. Moreover, the addition of Co—Pi didn't affect the bandgap of BiVO4/WOs

film, which agrees with its absorption behavior.
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Figure 6.3. (a) UV-Vis absorption spectra and (b) Tauc's plots of WO3, BiVOs,
BiVO4/WOQO3, and Co-Pi/BiVO4/WOs films.

6.1.4 XPS results of Co—Pi/BiVO4/WOs3 photoanode’s films

The compositional analysis of the fabricated Co—Pi/BiVO4/WO3 film was studied using
X-ray photoelectron spectroscopy (XPS), Fig. (6.4). To verify the purity of the fabricated
film, a survey scan was performed at binding energies ranging from 0 to 800 eV, which
included only the spectra of W 4f, P 2p, Bi 4f, W 4d, C 1s, Bi 4d, O 1s, Bi 4p, and Co 2p,
Fig. (6.4a). Figure (6.4b) illustrates the high resolution of the Bi 4f XPS spectra peaks. The
presence of the Bi 4f doublet peaks at 159.7 eV (Bi 4f712), and 164.9 eV (Bi 4fsp2) binding
energies was due to spin-orbit coupling [113]. Additionally, the energies of these peaks
indicate the existence of the bismuth valance state Bi®* [113]. The XPS spectrum of V 2p is
shown in Fig. (6.4c). V 2p doublet peaks at binding energies of 516.7 eV (V 2ps;2) and
524.2 eV (V 2p112) are associated with the vanadium valance state V°* [113]. Figure (6.4d)
shows the deconvoluted peaks of high-resolution O 1s peaks. The O 1s peaks at 530.4 eV
are associated with oxygen species bound within the lattice (OL), whereas the other O 1s

peak at 530.4 eV is associated with oxygen species absorbed on the film's surface (Oans)
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[184]. The XPS spectra of W 4f is displayed in Fig. (6.4e). The banding energies of W 4f
doublet peaks are 35.6 eV (W 4f7/2) and 37.8 eV (W 4f5/2), which is corresponded to
tungsten oxidation state W+ [148]. The presence of Co—Pi on the surface of the BiVO4/WOs;
film is confirmed by the high-resolution XPS spectra of P 2p and Co 2p shown in Fig. (6.4f,
g). P 2p's XPS peak was observed at a binding energy of 133.4 eV, whereas Co 2p's doublet

XPS peak was observed at pending energies of 781.1 eV (Co 2p3s2) and 793.2 eV (Co 2p1r2)
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Figure 6.4. XPS spectra of Co—Pi /BiVO4/WOs: (a) survey scan, (b) Bi 4f, (c), V 2p,
(d) O 1s, (e) W 4f, (g) P 2p, and (f) Co 2p.
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6.2 Photoelectrochemical measurements of Co—Pi/BiVO4/WOs3

photoanode

The photoelectrochemical performance of the fabricated Co—Pi/BiVO4/WOs3
photoanodes was tested, as shown in Fig (6.5). Figure (6.5a) depicts the photocurrent
density of heterostructured BiVO4/WO3 photoanodes with varying WOz thicknesses
(deposition times; 1,5,10, and 15 min.). The generated photocurrent density increased with
increasing the thickness of the WO; film from 1 to 10 minutes to reach around 2.45 mA/cm?
at 1.23 Vrue and then decreased with a thicker WO3 layer (15 min. deposition time). This
is due to the charge transport properties of the WO3 layers with different thicknesses, as
demonstrated in our previous reported article (chapter 4) [189]. In brief, thinner films have
a higher electrical resistance, which could be attributed to a large number of grain
boundaries that scattered the charge carriers. In the case of thicker films, however,
increasing the charge's diffusion length also increases the film's resistance. The hole
scavenger test was used to further evaluate the photocatalytic capability of the synthesized
BiVVO4/WOs3 photoanodes, as shown in Fig (6.5b). In this test, the LSV of a BiVO4#/WOs3
photoanode was measured in the presence of 0.5 M NaxSOs, in which all photogenerated
holes at the surface are likely to be consumed in sulfite oxidation with a high charge transfer
rate. Compared to the primary water oxidation test, the presence of Na>SO3 resulted in a
significant increase in the photocurrent density of the BiVO4/WO3 photoanode (4.7
mA/cm? at 1.23 Vgrue). This improvement indicates that the BiVO4/WOj3 photoanode
generated a large number of holes that undergo SOs?" oxidation. Furthermore, the lower

photocurrent density observed in the primary test was due to the slow water oxidation
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kinetic process and/or electron-hole recombination at the surface of the BiVO4/WOs3

photoanode.

Co—Pi co-catalyst was deposited on the surface of the BiVO4/WO3 heterostructured
film using the photoassisted-electrochemical deposition method to minimize its surface
electron-hole recombination effect. The optimized Co-Pi disposition was found to
significantly impact the photocurrent density of the BiVO4/WOs3 films, as shown in Fig.
(6.5c). Explicitly, the photocurrent density generated by the Co-Pi/BiVO4/WOs3
photoanode was equal to 3.7 mA/cm? at 1.23 Vree, Which is approximately 66% higher
than the photocurrent generated by the bare BiVO4/WOs3 photoanode and around 275%
higher than the individual BiVOs and WOz photoanodes. The Co-Pi disposition
optimization onto the surface of BiVO4/WO3 photoanode films was carried out at various
potentials (0.1-0.4 V) and time intervals (30 60, 90, and 120 sec) as shown in Fig. (6.5.1a,
b). Figure (6.5d) depicts the chopped light chronoamperometry of Co-Pi/BiVO4/WOQs3,
BiVO4/WOs3, BiVOs, and WO3 photoanodes at 1.23 Vrue under standard illumination
conditions. All of the fabricated films were found to have good stability over five cycles
measured at 60 second time intervals. Furthermore, when the light is turned off, all samples
exhibit almost zero dark currents, indicating that the current density generated by these
samples is purely due to photocatalytic activity and not electrocatalytic behavior. The
stability of the fabricated photoanodes was further examined under a 2 hours illumination
at 1.23 Vrue, as shown in Fig. (6.5e). The photocurrent of the Co-Pi/BiVO4#/WOs3
photoanode decreased gradually over 2 hours of illumination, which can be attributed to
the degradation of the Co—Pi particles. BiVO4/WOQ3, BiVOs, and WOg3, on the other hand,

demonstrated good stability throughout the illumination period. Figure (6.5f) shows the
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incident photon-to-current efficiency (IPCE) of the Co-Pi/BiVO4/WOs3, BiVO4/WOs3,
BiVO4, and WO3 photoanodes at 1.23 Vrye under standard illumination conditions. At the
light wavelength, 430 nm, the Co—Pi/BiVO4/WO3 photoanode has an efficiency of about
25%, while the BiVO4/WOs3, BiVOs, and WOz photoanode has 16%, 7%, and 6%,
respectively. The increase in the IPCE value of the Co—Pi/BiVO4/WO3 compared to the
bare BiVO4/WOs3 was due to the loading of the Co—Pi on the BiVO4/WOs3 film’s surface
and not due to the narrower bandgap as shown in the UV-Vis results. Furthermore, the
enhancement of BiVO4/WO3 compared to the individual BiVOs and WO3 was due to

electron-hole separation at the heterostructure junction.
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Figure 6.5.1. Co—Pi disposition optimization onto the surface of BiVO4/WOs3
photoanode films at (a) various potentials and (b) time intervals.

The transient photocurrent (TPC) decay time measurement was performed at 0.9
VrHE, as shown in Fig (6.6a), to obtain a qualitative assessment of charge transfer and
electron-hole recombination in the fabricated photoanodes. To gain a better understanding
of the lifetime of trapped holes at surface states, the transient decay times (t) of the Co—
Pi/BiVO4/WOs3, BiVO4/WO3, BiVOs and WOs photoanodes were evaluated. The
following formula, Eg. (5.1), was used to determine the normalized photocurrent (D) from

the TPC response.

D= (lt— |s) / (|m - |s) Eg (51)
where Iy, Im, and Is are time-dependent current, anodic photocurrent spike, and steady-state
current, respectively.

The time (t) at which In D = -1 is referred to as the transient decay time, as
illustrated in Fig (6.6b). WO3, BiVOs, BiVO4/WOQ3, and Co-Pi/BiVO4/WO3 photoanodes

had transient decay times of 0.3 s, 0.5 s, 0.9 s, and 6.5 s, respectively. The decay time of
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bare BiVO4/WOs is slower than that of individual BiVO4 and WO3 photoanodes. This is
due to the charge separation mechanism induced at the BiVO4/WOs3 interface by the
heterostructure junction. Additionally, deposition of Co-Pi on the surface of the
BiVO4/WOs films significantly reduced electron-hole surface recombination and increased
their lifetime by rapidly picking up photogenerated holes from the film's surface and
releasing them to oxidize the water. Thus, the photogenerated holes in the Co-
Pi/BiVO4/WO3 photoanode have a roughly sevenfold longer lifetime than the bare

BiVO4/WOs, providing enough time for the slow Kinetics of water oxidation to occur.
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Figure 6.6. (a) Transient photocurrent (TPC) response, and (b) transient decay time
for WOs3, BiVOs, BiVO4/WOs3, and Co-Pi/BiVO4/\WOs3 photoanodes at 0.9 VrHE

under standard illumination conditions.

The Mott-Schottky (M-S) plots can be used to determine the flat-band potential
(Efv) and carrier density (Ng) for the fabricated photoanodes [195]. The n-type characteristic

property was observed from M-S's positive slope for all WO3, BiVO4, BiVO4/WO3, and
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Co-Pi/BiVO4/WOs3 photoanodes as illustrated in Fig. (6.7a). The Es and Ng extracted from
the M-S equation, Eq. (5.2). The flat band potentials (Es) of the fabricated samples were
determined by extrapolating the linear part of the M-S curves to the potential axis. The Es
of WOg3, BiVO4, BiVO4/WO3, and Co-Pi/BiVO4/WO3 photoanodes were found to be 0.70,
0.68, 0.52, and 0.35 VRrhE, respectively. The cathodic shift in the Es, value indicates an
upward shift in the Fermi level, which will improve the charge carrier separation of the
photoanode [201]. Furthermore, the lower Eq potential of BiVO4/WO3 and Co-
Pi/BiVO4/WOs3 photoanodes when compared to individual BiVO4 and WO3 photoanodes
indicates a lower bias voltage required to drive the oxygen evolution reaction [201].
Furthermore, the shallow slope in the M-S linear part indicates a higher concentration of
charge carriers available at the space-charge region [201]. The highest charge carrier
concentration of Co—Pi/BiVO4/WOs is due to the long lifetime of the photogenerated holes
achieved by the Co-Pi co-catalyst. Figure (6.7b) shows the photoelectrochemical
impedance spectroscopy (EIS) measurements of the fabricated photoanodes at 0.9 Vrre.
The Nyquist plot of the WOs3, BiVOs, BiVO4/WOs3, and Co-Pi/BiVO4/WO3 photoanodes
were obtained and fitted to the equivalent circuit to examine their charge transfer resistance
(Ret). The Ret values of the fabricated photoanodes were found to be 0.11, 0.45, 1.0, and
1.3 kW for the Co-Pi/BiVO4/WOs, BiVO4/WOs3, BiVOs and WOs photoanodes,
respectively. The lower Rt value in the case of the BiVO4/WO3 reveals a more efficient
electron-hole separation and faster interfacial charge transport at the BiVO4/WO3
heterojunction [201]. Furthermore, the longer lifetime of the holes available for the water
oxidation at the surface of the Co—Pi/BiVO4/WOs film reflects a lower charge

recombination rate, and hence, higher charge transport rate.
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Figure 6.7. (a) Mott-Schottky plots, and (b) Nyquist plots of the Co—Pi/BiVO4/WOs3,
BiVO4/WOs3, BiVO4, and WOs photoanodes under standard illumination conditions.

6.3Charge transfer mechanism of photo-induced charge carriers in
Co-Pi/BiVO4/WO3 photoanode.

The optical bandgap of the synthesized BiVOs and WO3 photoanodes were
estimated to be 2.37 and 2.72 eV, as shown in Fig. (6.3a, b). The valance band (VB) and
the conduction band (CB) edges of both photoanodes could be evaluated, with respect to

hydrogen scale, using the following equations, Eg. (6.1a, b) [202].
ECB = EVB - Eg Eq (61b)

Where E, 5 and E - are the valance band and the conduction band energies, x is the
electronegativity of the semiconductor photoanodes (6.59 eV for WOs3, and 6.04 eV for
BiVOs) [108], E¢ is the hydrogen-free electron energy (4.5 eV), and Ej; is the bandgap of

the semiconductor photoanode.
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BiVO4 and WO3 photoanodes have valance band (VB) edges at 2.71 eV and 3.45 eV,
respectively, and conduction band edges (CB) at 0.36 eV and 0.73 eV. As a result, the
layers of BiVO4 and WOs will form a type-I1 heterojunction. Because the VB edge of the
WO:s layer is more positive than the VB edge of the BiVVO4 layer in the potential hydrogen
scale and the BiVOs layer's CB edge is smaller than the WOs layer's CB, the electron from
the BiVO4 CB will be transferred to the WO3 CB. On the other hand, the holes in the WOs3's
VB will be transferred to the BiVO4's VB. Increasing the number of holes available at the
BiVO4 VB will ramp up the oxygen evolution reaction at the photoanode's surface. Further,
more electrons from the WOz CB will be collected and transferred to the counter electrode
for hydrogen reduction. Surface modification of a BiVO4/WO3z photoanode with Co—Pi
increases the lifetime of the accumulated holes at the photoanode/electrolyte interface. The
longer the lifetime of the photogenerated holes, the more available they are for oxidizing
the water rather than going into surface electron-hole recombination, as in the case of the
bare BiVO4/WO3 photoanode. The schematic diagram, scheme (6.1), below depicts the

possible charge transfer mechanism of the Co—-Pi/BiVO4/WO3 photoanode.
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Potential (V vs RHE)

Scheme 6.1. below depicts the possible charge transfer mechanism of the Co—

Pi/BiVO4/WOs photoanode.

6.4 Theoretical calculation on charge transfer mechanism of photo-

induced charge carriers in Co-Pi/BiVO4/WO3 photoanode.

The conduction and valance band edges of WOz and BiVVO4 were obtained by calculating
their electron affinity and ionization energy [203] using DFT calculations, as shown in Fig
(6.8a, b). The unit cell of both the WO3 and BiVOj4 slabs was enlarged with vacuum space
along the z-direction. The CB and VB potentials for WO3 were determined to be 1.07 eV
and 3.52 eV, respectively, and 0.62 eV and 2.63 eV for BiVOy, respectively. In addition,
the work function of each photoanode layer was calculated to investigate the equilibrium
charge transfer of the BiVO4/WOs3 heterostructure, as shown in Fig (6.8c, d). When the

BiVO;4 layer is attached to the WOs layer, electrons flow from the lower work function of
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the WOs3 (7.2 eV) to the higher work function of the BiVO4 (7.8 eV) until their fermi-levels
are equilibrated. Furthermore, the band edges calculation results show that the CB and VB
edges of the BiVO4 are higher than those of the WOg3, indicating that the BiVO4/WOQOs3 is
forming a Type-Il heterostructure, resulting in efficient photoexcited charge charrier

separation and thus improved photocatalytic activity [204,205].
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CHAPTER 7

CONCLUSION

The purpose of this thesis was to develop a photoactive and stable photoanode
suitable for photoelectrochemical water splitting. We successfully fabricated and evaluated
thin films of WOy, BiVOs, and BiVO4/WOs3 heterostructures for photoelectrochemical
water oxidation. To begin, each WOy and BiVVO4 material was characterized, modified, and
tested as a photoanode. Following that, a heterostructure photoanode was constructed

utilizing optimal fabrication conditions for WOy and BiVOs films. Specifically:

In chapter 4: the study demonstrated the influence of tungsten oxide fabrication
methods and deposition parameters. The tungsten oxide film prepared by sputtering
deposition was found to have better stability inside the aqueous electrolyte solution
compared to that film prepared by PLD. Furthermore, different tungsten oxide phases were
obtained by using DC and DC reactive sputtering techniques. Using DC sputtering
magnetron, we deposited a metallic tungsten film and then transformed it into Magnéli-
phase W1gOag thin film of tungsten oxide by post-annealing under an air environment. The
thin films' thickness (52, 146, 290, and 550 nm) and the morphology (nanoparticles,
nanosheets, nanorods, and nanopillars) were controlled by adjusting film growth time and
post-annealing process. The as-derived W1gQOag efficiently catalyzed the water oxidation
reaction and produced 0.6 and 1.4 mA cm 2 photo-current at 1.23 and 1.45 VR,
respectively. In addition, the photo-electrode showed excellent stability; the performance
was stable for ~2 h. The electrical conductivity and the charge transfer kinetics were
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improved with increasing deposition time and post-annealing temperature. The photo-

electrode with the lowest resistance exhibited the highest PEC performance.

Using DC reactive sputtering magnetron, we deposited a fully oxidized tungsten
oxide film. We illustrated that the essential properties of WO3 thin films could be fine-
tuned by controlling deposition time and post-annealing temperature and environment. The
bandgap of WOz can be maintained between 3.2 and 2.7 eV by adjusting the post-annealing
temperature between 100 and 600 °C. It is discerned that the photoelectrocatalytic activity
of WOz photoelectrodes increased with decreasing bandgap, and the maximum
photocurrent (0.9 mA cm™ at 1.23 Vrhe) Was recorded with WOs thin film heated at 500
°C with a bandgap of 2.85 eV. The annealing environment is also found to significantly
impact the performance; the WOs film heated under air exhibited much better
photoelectrochemical water oxidation than that of annealed under inert (argon) atmosphere.
In addition to the annealing temperature and environment, the film thickness is another
crucial feature that dictates the performance of WOs. The thickness of WO3 film can be
easily controlled between ~85 and ~370 nm within a short deposition time ranging from 5
to 20 min, and the maximum photocurrent was observed when the film thickness was
approximately 150 nm. The charge transfer resistance of the films annealed at 400 °C and
above was significantly smaller as compared to the films annealed at 300 °C and below,
which was in good agreement with the PEC trend where the crystalline WO3 films showed
higher photoelectrocatalytic activity than the amorphous films. In addition, the WO3
photoelectrode exhibited excellent photoelectrochemical stability; the electrode was stable

for the entire measurement time (120 min).
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In chapter 5: the study demonstrated a novel approach to prepare Co—Pi-modified
BiVOs films for PEC water oxidation. The BiVOs was derived from the Bi»,O3 sputtered
film. The transformation of Bi>Os into BiVOs is dependent on the thickness of the Bi2Os
film. Microscopic images showed a morphological change from a rough Bi.O3 film to a
porous structure of BiVOs film. At 420 nm, pristine BiVO4 generated a photocurrent
density of 0.9 mA cm Vgrue with an IPCE of 9%. This is a significantly high value in
comparison with that of BiVVO4 prepared by other techniques. It is concluded that the
continuous nature of the fabricated BiVVO4 film and the absence of pinholes are the main
reasons for the improved PEC activity. They suppress the potential for fast surface
recombination at the FTO regions exposed to the electrolyte. However, the PEC activity of
BiVOs is still limited by the surface recombination and slow kinetics of water oxidation.
After the modification of BiVOs with a Co-Pi layer, the photocurrent increased to 2.78 mA
cm Vgrue With a 25% IPCE at 420 nm. The TPC study demonstrated that modifying the
surface of BiVO4 photoanodes with Co-Pi elongates the lifetime of the photogenerated
holes by a factor of 9 times. The band structure properties of the BiVO4 were obtained

using DFT calculation.

In chapter 6: the study demonstrated the construction of a heterostructure
photoanode composed of BiVO4 and WOz in two steps. First, the WOs layer was deposited
using DC reactive sputtering and then annealed to crystallize. Following that, Bi>Oz film
was sputtered on top of the annealed WO3 film and then modified it using drop-casting
followed by heat treatment with the vanadium oxide precursor solution. The WO3-based
layer's thickness was optimized to increase the photoanode's PEC performance. On the

surface of the BiVO4/WOs film, the Co—Pi co-catalyst was electrochemically deposited and
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tuned to provide a greater photocurrent density when irradiated with visible light. The
photocurrent density generated by the Co—Pi/BiVO4/WO3 photoanode was determined to
be 3.7 mA cm™ at 1.23 Vrre, approximately 66% higher than the photocurrent generated
by the bare BiVO4/WO3 photoanode and approximately 275%  higher than the
photocurrent generated by the individual BiVO4 and WO3 photoanodes. Additionally, at
430 nm, the Co—Pi/BiVO4/WO3 photoanode has an efficiency of around 25%, whereas the
BiVO4/WOs3, BiVO4, and WO3 photoanodes have an efficiency of approximately 16%, 7%,
and 6%, respectively. The lower Rt value for the BiVO4/WOs3 heterojunction indicates a
more effective electron-hole separation and faster interfacial charge transport, while the
longer lifetime of the holes available for water oxidation at the Co—Pi/BiVO4/WOs film's
surface indicates a lower charge recombination rate and thus a higher charge transfer rate.
The calculated band edges indicate that the CB and VB edges of the BiVO4 are higher than
those of the WOs3, implying that the BiVO4/WOs heterostructure forms a Type-I1I
heterostructure, resulting in effective photoexcited charge carrier separation and hence

enhanced electro-photocatalytic activity.

To sum up, the synthesized photoanode (Co-Pi/BiVO4/WOs3) exhibits
superior photocatalytic performance in comparison to the majority of previously published
research. In addition, it demonstrated outstanding photocurrent stability, which is one of
the most important and frequently neglected factors that must be considered in the PEC.
The combination of physical and chemical fabrication techniques enables us to preserve
the mechanical stability of photoanode films in comparison to other wet fabrication
techniques. It also allowed us to have a larger interaction surface area compared to films

created only through sputtering deposition. Moreover, while the photoelectrochemical

127



deposition of the co-catalyst has a substantial effect on boosting the photocatalytic
performance of the fabricated photoanode, fine-tuning the co-catalyst type and quantity
can have a more significant effect on the BiVO4/WO3 photoanode activity. Finally, it is
worthwhile to explore the possibility of depositing the co-catalyst using a physical

approach in order to achieve greater photocurrent stability.
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