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Abstract

In this work, the processing parameters of preparing dip coated CuO films which includes the
withdrawal rate, film thickness and annealing temperature were optimized for
photoelectrochemical (PEC) water splitting. The CuO samples were fabricated on fluorine-
doped tin oxide (FTO) substrates at withdrawal rates of 50-200 mm/min, having films of 239.7-
693.6 nm thicknesses, and annealed at 400-650 °C in air for 1 hour. Furthermore, the CuO
films prepared at withdrawal speed of 150 mm/min, with thickness of 397.3 nm and annealed
at 600 °C were modified with 1, 3, and 5 protective layers of activated charcoal (AC) silver
(AQg), and gold (Au) nanoparticles (NPs) to improve their photo-stability in electrolyte. All the
prepared CuO films were used as photocathodes in a three-electrode PEC device for water
splitting. X-ray diffraction (XRD) and Raman spectroscopy studies confirmed the preparation
of highly crystallized pristine CuO, CuO/AC, CuO/Ag and CuO/Au thin films. Linear Sweep
Voltammetry (LSV) measurements yielded the highest photo-current density of 2.9 mA/cm? at
0.35 V vs RHE for films prepared at withdrawal speed of 150 mm/min, with thickness of 432.8
nm and annealed at 600 °C. The high photo-current recorded was linked to the optimization of
the film thickness, optical absorbance, crystallization, and the low resistance to the transfer of
charge carriers at the photocathode/electrolyte interface of the films. Chronoamperometry
measurements done on the CuO samples revealed that the films could only sustain 28.4 % of
its photo-current density after 500 s due to photo-corrosion occurring on the films surface. This
implies that a significant portion of the photo-current density obtained for the pristine CuO
photocathodes was because of photo-corrosion occurring on the film’s surface. The
modification of the pristine CuO films with AC, Ag and Au generally resulted in reduced
photo-current density due to the reduction of photo-corrosion occurring on the films surface.
However, the photo-stability of the modified CuO films in electrolyte was significantly
enhanced. The CuO/AC films yielded the best photo-stability for CuO/AC-5L photocathodes,
retaining 45.5 % of its photo-current after 500 s. The CuO/Ag and CuO/Au films retained a
maximum of 75.9 and 87.9 % of their photo-current densities for CuO/Ag-5L and CuO/Au-5L
photocathodes after 500s, and 74.7 and 84.3 % after 1200 s respectively. This study emphasized
the importance of optimizing the processing parameters of preparing dip-coated CuO films for
PEC applications, before improving their photo-stability in electrolyte. Furthermore, enhancing
the photo-stability of CuO films in electrolyte is paramount to their practical application in
PEC water-splitting for hydrogen production.
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Chapter 1

1.0 Introduction

1.1 Background

Rising atmospheric temperature largely attributed to global warming is having a significant
influence on climatic conditions, causing increases in sea levels [1], droughts [2], hurricanes
[3], tornadoes [4], wildfires [5], and floods [2] in different parts of the world. Global warming
is largely caused by the rising emissions of greenhouse gases such as carbon dioxide (CO,),
methane (CHa), nitrous oxide (N20), and chlorofluorocarbons (CFCs), which act as a barrier
in the atmosphere preventing the heat that is re-radiated by the earth’s surface from escaping
to space. As a conseguence, the earth’s atmosphere becomes warmer than the expected average
temperature over time; a phenomenon that is commonly known as global warming [1, 6, 7].
Among the greenhouse gases in the atmosphere, CO> constitutes about 72 % and is regarded
as the major source of global warming [8, 9]. Fossil fuels, presently considered as the
conventional energy sources, are the main cause of CO> emissions into the atmosphere. The
burning of fossil fuels at power plants for the generation of electricity [10], in the combustion
engine of automobiles [11], and for industrial applications [12] among others results in the
emission of large amount of CO; into the atmosphere. Renewable and sustainable energy
sources are widely considered as a suitable substitute to the conventional energy sources for

the mitigation of global warming.

Some popular renewable energy sources include the wind [13], biomass [14], and solar
radiation [15] among others. Wind energy is typically utilized indirectly by converting kinetic
energy to electrical energy using wind turbines. In 2013, 318.1 GW of power was generated
globally from the wind energy [16]. Wind has a potential to meet a significant portion of the
growing energy demand. However, wind energy systems are very noisy and possess some
health risk to the inhabitants living around the turbines. People living or working near the wind
turbines have been reported to suffer from hearing loss, stress or sleep disturbance [13].
Furthermore, wind turbines are very costly and require a large-scale investment from the public
or private sector [16]. Biomass are organic substances which store solar energy in the form of

chemical energy [17]. They are typically used to generate electricity, heat and biofuels from



agricultural residues or solid waste [14]. They produce far less emissions than fossil fuels,
reduce the amount of waste in landfills, and revitalize rural communities through the creation
of employment [17]. However, the excessive use of biomass as an alternative source of energy,
can result in deforestation and slight pollution, which will partly contribute towards increasing
the greenhouse gas emissions [14]. Solar energy is considered to be the most ideal energy
source as it is free, abundant and has the least negative impacts on the environment. Solar
radiation reaching the surface of the earth in a year can provide more than 10,000 times of the
energy required globally [18]. Solar energy is typically harnessed using photovoltaic systems
to get electric power [19], solar thermal devices to generate electricity [20] and

photoelectrochemical (PEC) water-splitting to produce hydrogen (H.) [21].

PEC water-splitting is a suitable sustainable approach for H> production using solar energy and
water as the main raw materials [22, 23]. H2 is an alternative clean fuel which has the potential
to greatly contribute towards resolving the global energy crises, since its combustion only
produces water (H20) as by-product [24]. More so, it is also versatile and eco-friendly [25]. To
produce hydrogen through PEC water-splitting, a photoelectrode is immersed in an aqueous
electrolyte and illuminated with light in a photocatalytic cell [23]. This will result in the
generation of charge carriers in the photoelectrode [26]. For n-type photoelectrodes, the
minority charge carriers (holes) in the valence band get transferred to the
semiconductor/electrolyte interface to perform photocatalytic reactions [27, 28]. For p-type
photoelectrodes, minority  charge carriers  (electrons) are moved to the
semiconductor/electrolyte interface where they also perform photocatalytic reactions for

hydrogen generation [29, 30].

For a photoelectrode to be considered suitable for PEC water-splitting, it is required to be stable
under aqueous solutions [31], possess a small bandgap (Eg) [32], own the right band-edge
positions [33], have a large carrier diffusion length, [32], and be highly crystalline [34]. Since
the first photoelectrode (a TiO2 photoanode) was reported by the pioneers of PEC water-
splitting Honda and Fujishima in 1972 [35], a single photoelectrode that meets all the
requirements for a suitable photocatalyst has not been found [23]. Photocathodes such as CuO
[21], GaAs [36], Cu20 [37], Sh2Ses [38], CuFeO- [39] have been utilized for PEC water-
splitting. Among these, CuO semiconductors have emerged as one of the promising



photocathodes for PEC applications due to their narrow bandgap (~1.2 eV) [40], suitable

conduction band-edge position [41], low cost, and the abundance of copper element [42].

1.2 Motivation

As mentioned in section 1.1, CuO semiconductors have emerged as promising photocathodes
for PEC applications due to their small bandgaps and other fascinating properties. However,
the primary challenge of using CuO as a photocathode for hydrogen evolution is its poor photo-
stability in aqueous solutions, as a consequence of the self-reduction that occurs in the material
by photo-excited electrons during photocatalysis [21, 43]. Several strategies can be
implemented to improve the photo-stability of CuO photocathodes in the electrolyte for large
scale PEC applications. These include doping with metal/non-metal ions [44], hetero coupling
[45], the use of passivation layers [46], and defect engineering [47] among others. However,
stable CuO thin-films are sometimes obtained at the expense of photo-current density. Hence,
to find a balance between photo-stability and photo-current density, it is essential to first
optimize the photo-current response of the CuO photocathodes prior to enhancing their photo-
stability in the electrolyte [21, 48].

The processing parameters of preparing nanostructured CuO films using the sol-gel dip-coating
method such as withdrawal rate, film thickness, and annealing temperature can influence the
optical, structural, and photocatalytic properties of the films [49-51]. Withdrawal velocity has
been found to influence the grain size [52] and thickness [49] of the films. An increasing film
thickness may improve crystallinity [50], which limits the probability of electron-hole
recombination, promoting efficient charge separation and migration [33, 34]. Increasing
annealing temperature has also been reported to enhance the crystallinity of the films [53],
which can help limit grain boundaries and improve photo-absorption for an efficient water-
splitting process [33]. The influence of withdrawal rates on the PEC properties of
photoelectrodes such as ZnO has been previously carried out [54]. However, a study on the
influence of withdrawal velocity on the PEC response of CuO photocathodes is yet to be
reported. Also, separate investigations have been conducted on the effects of film thickness
[55] and calcination temperature [56] on the structural, photo-absorption, and electrical
properties of dip-coated CuO films for various applications. However, a single study where
withdrawal rates, calcination temperature, and the film’s thickness were optimized for dip-

coated CuO photocathodes for photocatalytic water-splitting have not been reported, based on



Vi.

known literature. Therefore, it will be essential to first optimize the processing parameters for
preparing dip-coated CuO films for the enhancement of their photo-current density during

photocatalysis, prior to further modifications for improving photo-stability in electrolyte.

1.3 Aims and objectives

The aim of this dissertation is to optimize the processing parameters of dip-coated pristine CuO
photocathodes to improve their photo-current response, and to enhance their photo-stability
through the incorporation of activated charcoal (AC), Silver (Ag) and Gold (Au) nanoparticles

(NPs) on their surface.

The objectives of this dissertation are as follows:
To optimize the withdrawal rate, film thickness and annealing temperature for preparing
dip coated CuO thin films for PEC applications.
To investigate the influence of withdrawal rate, film thickness and annealing temperature
on the structural, morphological, and optical properties of dip coated CuO thin films
To investigate the PEC properties of the pristine CuO films
To deposit protective layers of AC, Ag and Au NPs on the pristine CuO films to improve
their photo-stability in an electrolyte.
To investigate the influence of the surface modification of the pristine CuO films with AC,
Ag and Au NPs on the structural, morphological, and optical properties of the films.
To study the photo-current response and photo-stability of the CuO films modified with
AC, Ag, and Au NPs.

1.4 Structure of the thesis

This dissertation is divided into five (5) chapters as follows:

Chapter 1 presents the motivation and background of the research. The aims and objectives
are also given, along with the structure of the thesis.
Chapter 2 presents a review on the properties and stability of CuO as a photocathode for

photoelectrochemical water-splitting.



Chapter 3 reports on the experimental methods employed in the synthesis and characterization
of pristine CuO films, and the ones modified with AC, Ag, and Au NPs.

Chapter 4 discusses the results obtained from the synthesis and characterizations of the pristine
CuO films, and the AC, Ag and Au modified photocathodes.

Chapter 5 presents the conclusions derived from this study and give some recommendations

for future work.
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Chapter 2

2.0. CuO photocathodes for photoelectrochemical water-splitting

2.1. Introduction

Photoelectrochemical (PEC) water-splitting is an ideal inexpensive and sustainable technique
for harvesting solar energy for the production hydrogen (H>) fuel using suitable photoelectrode
materials (usually semiconducting oxides) and sunlight as the energy input. Though extensive
research has been done on PEC water-splitting, some of the primary concerns preventing
effective photo-electrolysis, include stability and low efficiency of photoelectrode materials.
Copper Oxide (CuO) has emerged as a promising photocathode for PEC water-splitting due to
its outstanding photocatalytic properties. In this chapter, we discuss the basic operation of a
PEC cell, basic requirements of photoelectrode materials for PEC water-splitting, as well as
CuO as a photocathode for PEC water-splitting. Furthermore, deposition techniques of CuO
and the optimization of processing parameters to enhance stability and photo-current response

of CuO for hydrogen production are also elaborated.

2.2. Basic operation of a PEC cell in water-splitting

The concept of water-splitting is based on the process of natural photosynthesis by green plants
and photosynthetic bacteria, whereby water (H20) and carbon dioxide (CO2) are converted to
oxygen (O2) and carbohydrates in the presence of sunlight to serve as food and fuel for the
plant (Eq. 2.2.1), as a result converting H>O to Hz and O2 (Eg. 2.2.2) [1-3].

6CO, + 6H,0 — C.H,0, +60, (EO =143V vs SHE) Eq.2.2.1

2H,0 —> 02+2H; (E=1.23 Vs SHE) Eq.2.2.2
The redox half-reactions (hydrogen evolution reactions (HER)/oxygen evolution reactions

(OER)) of Eq. 2.2.2 are presented in Eq. 2.2.3 and Eq. 2.2.4. The e and h* in Eq. 2.2.3 and

2.2.4 represent electrons and holes respectively.
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HY + 260 —— H, (Eo =0V vs SHE) Eqg. 2.2.3

2H,0 + 4h* —— O, +4H"  (Eo=1.23 V vs SHE) Eq. 2.2.4

Water-splitting is considered an eco-friendly method for producing clean and green,

sustainable, and renewable hydrogen, as it utilizes direct solar energy to produce Hz and O-

(photo-electrolysis) [4, 5]. For photo-electrolysis to take place, a semiconductor

material/photoelectrode through which solar energy will be absorbed and stored is required, is

a key factor which determines the efficiency and performance of the water-splitting system [5,

6]. The overall water-splitting process consists of three primary steps which are listed below

and are presented in a schematic diagram in Figure 2.2.1[6-10]:

Step 1: Absorption of photons (light harvesting) — The absorption of light is associated
with the generation of charge carriers and photo-voltage needed for the water-splitting
process.

Step 2: Charge separation and migration — determines the chance of electron-hole
recombination as well as the amount of photoexcited charge carriers reaching the
semiconductor/electrolyte interface for HER/OER. Electron-hole pairs should be
efficiently separated and the photoexcited charge carriers should be rapidly transferred
to semiconductor/electrolyte interface to prevent electron-hole recombination.

Step 3: Surface reactions (HER/OER) — The oxidation of water occurs at the anode
through OER, while the reduction of water occurs at the cathode through the HER. HER
and OER depend on the amount of charge carriers reaching the surface of the
semiconductor and the active sites on the surface of the semiconductor, if the active
sites for the redox reactions are not sufficient, then the photoexcited charge carriers

would have to recombine with each other, restricting the overall water-splitting process.
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Figure 2.2.1 A schematic diagram illustrating the 3 primary steps of photocatalytic and PEC
water-splitting.

Photo-electrolysis is carried out by immersing the photoelectrode in an aqueous electrolyte
under illumination of light. As a result, the fermi level (Ef) of the photoelectrode and the
electrolyte must equilibrate until the fermi levels are aligned and transfer of charges occurs
between the photoelectrode and the electrolyte [11, 12]. For an n-type photoelectrode,
photoexcited majority charge carriers (electrons) move from the valence band (VB) to the
conduction band (CB), they are further transferred to the surface of the counter electrode
(usually Pt) and HER takes place. Concurrently, the minority charge carriers (holes) in the VB
transfer to the semiconductor/electrolyte interface where OER takes place, this is illustrated in
Figure 2.2.2 (a) [9, 13]. Whereas for p-type photoelectrodes, HER and OER take place in
opposite directions. Minority charge carriers (electrons) move from the electrolyte to the
semiconductor/electrolyte interface for HER, while majority charge carriers (holes) move to

the counter electrode to participate in OER Figure 2.2.2 (b) [14, 15].

Prior photo-electrolysis, ions are first absorbed in the solution by the photoelectrode, resulting
in the creation of as space charge layer at the semiconductor-electrolyte interface which then
forms an electric field in the region, causing the energy bending illustrated in Figure 2.2.2. The
absorbed ions at the photoelectrode and the ones near the surface of the electrode also forms a

region generally termed as the Helmholtz layer. In the space charge region, there exist an
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electric field which is essential for the bending of bands, separating the photoexcited electrons
from holes and supressing electron-hole recombination. The upward/downward bending of
bands depend on the upward/downward movement of the electrons based on the n-type/p-type
nature of the photoelectrode materials (Figure 2.2.3 (a) and (b)). For an n-type photoelectrode,
the space charge region is called the depletion region due to the depleted electrons and excess
holes, for a p-type photoelectrode it is called the accumulation region due to the accumulation
of electrons [11, 16, 17].
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Figure 2.2.2 Schematic illustration of one-step photosystem of (a) n-type and (b) p-type
photoelectrodes for PEC water-splitting.
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Figure 2.2.3 Schematic diagram illustrating band structure resulting from the fermi-energy
level of an (a) intrinsic (b) n-type and (c) p-type semiconductor.

If two photoelectrodes (n-type and p-type) are used instead of a counter electrode, a p-n
heterojunction or a z-scheme system is utilized for PEC water-splitting, also called hetero-
coupling (Figure 2.2.4 (c) and (d)) [13, 18]. For a p-n heterojunction, the photoexcited electrons
move from the photoelectrode with the higher CB to the one with lower CB, participating in
HER on the surface of CB. OER occurs simultaneously when photoexcited holes are promoted
from the photoelectrode with the lower VB to the one with higher VB, according to
Peerakiatkhajohn et. al 2016 this is a result of accumulated potential on the solid/liquid
interface [13]. Whereas for the z-scheme, HER occurs at the photoelectrode with the higher
CB and OER at the one with the lower VB. The two-step photosystem mostly preferred is the
z-scheme approach since it requires less energy for photo-electrolysis due to the wider range
of visible light absorption [9, 12].
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CB_@Cw H- 03_9 hDr_
0 VB o — 0 (\'/'B
vs'{ HZ(Z;D( ) VB-%C- |-|220 ”

Figure 2.2.4 Schematic illustration of a (a) p-n junction diode (b) z-scheme approach for
PEC water-splitting.

2.3. Basic requirements of a photoelectrode material for

Photoelectrochemical water-splitting
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For spontaneous water-splitting reaction to take place, an ideal photoelectrode/semiconductor
material is immersed in an aqueous electrolyte under irradiation of light. A photoelectrode
which is suitable for PEC water-splitting should possess the following properties: It should
have a small bandgap (Eg) [4], suitable band-edge positions [7], short carrier diffusion length

[4], high crystallinity [12] and it should be stable under aqueous solutions [19], respectively.

2.3.1. Bandgap and band-edge positions

The photoelectrode must have a small Eg (1.6 — 2.2 eV) to absorb a wide range of solar
radiation in the visible region. If the energy of the incident light is greater than the energy of
the band gap (EQ), it ensures the generation and separation of electron-hole pairs in the valence
and conduction bands with sufficient potentials for water-splitting [4, 7]. The conduction band
of the photoelectrode material should be higher than the reduction potential of water (H*/Hy),
which is +0 V vs normal hydrogen electrode (NHE) and the valence band energy should be
lower than the oxidation potential of water (O2/H20), which is -1.23 V vs NHE at pH=0,
implying that the bandgap of the photoelectrode must straddle (H*/H2) and (O2/H20). Metal
oxides such as CuO, BiVOs, ZnO etc. [6] have bandgaps and band-edge positions which are
suitable for PEC water-splitting. Figure 2.3.1 exhibits bandgaps and reduction and oxidation
potentials of n-type and p-type semiconductors.
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Figure 2.3.1 Diagram representation of redox potentials and band structures of n-type and p-
type semiconductors.
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2.3.2. Surface area and diffusion length

A large surface area and a long diffusion length close to the solid/liquid interface are also
essential to ensure efficient transfer of separated photogenerated charge carriers to their
respective reaction sites [4, 20]. Furthermore, the particle/grain sizes must be large, to reduce
the number of grain boundaries which function as trapping centres for electron-hole
recombination [7, 21]. Semiconductors such as TiOz [20], CuO [22], a-Fe20s3 [23] have the
potential to become well performing photoelectrodes for water-splitting, however their short

diffusion length promotes rapid electron-hole recombination, limiting their PEC performance.

2.3.3. Effective charge transfer and separation

Charge transport and separation is vital for the performance of photoelectrodes for PEC
applications. The process involves the separation of electron-hole pairs, followed by the rapid
transfer of charge carriers between the photoelectrode and the electrolyte for HER/OER
depending on the p-type/n-type nature of the material [24, 25]. It is facilitated by a potential
barrier that is formed at the solid/liquid interface when a photoelectrode is in contact with an
aqueous electrolyte under irradiation of light. The separation of electrons from holes is
important for reducing the rate of recombination, whereas the transfer of charges is vital for

the charging of the surface of the photoelectrode [17, 25].

2.3.4. Stability in aqueous electrolytes

A photoelectrode should be stable in aqueous solutions to prevent corrosion [26]. Photo-
corrosion occurs when the photoelectrode is oxidized/reduced instead of water. For n-type
photoelectrodes, photo-corrosion depends on the thermodynamic oxidation potential of the
photoelectrode (¢®) in relation to O2/H20, which occurs when ¢ is higher than O2/H20 or
it’s VB, referred to as anodic photo-corrosion due to the n-type nature of the material. On the
contrary, photo-corrosion of p-type photoelectrodes depends on the thermodynamic reduction
potential of the photoelectrode (¢™) in relation to H*/Ha, which occurs when @' is lower than
H*/H; or it’s CB, called cathodic photo-corrosion due to the p-type nature of the material [19,
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27, 28], Figure 2.3.2 (a) and (b) shows the ¢ and ¢"“ positions of n-type and p-type
photoelectrodes which are stable under aqueous electrolytes. While photoelectrodes such as
TiO2 and a-Fe>Oz are stable under aqueous electrolytes [29, 30], Others such as CuO and Cu.O
are prone to photo-corrosion in aqueous solutions, resulting in moderate photo-current densities
[31, 32].
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Figure 2.3.2 Diagram illustration of increasing stability for (a) an n-type (b) p-type
photoelectrode.

2.4. CuO as a photocathode for PEC water-splitting

CuO is the most stable phase of copper oxides (i.e., Cu2O and Cu403), it is also a p-type, non-
toxic semiconductor which exists in three crystalline polymorphs namely, tetragonal [33],
cubic [34], and monoclinic phases [35]. Among other p-type semiconductors such Sh,Ses [36],
Si [37] and Cr203[38], CuO semiconductors have emerged to be promising photocathodes for
PEC applications due to the narrow bandgap (1.4 — 2.1 eV) [39], suitable band-edge positions

[40], as well as low cost and abundance of the copper element [41] respectively.

One of the pioneering investigations on CuO as a photocathode for PEC applications was
reported by Koffyberg et. al, 1982 [42]. Since then, CuO photocathodes have been modified to
improve their PEC properties for efficient water-splitting. For example, in 2000, Yoon et. al
investigated photoelectrochemical properties of copper oxide thin films coated on an-Si
substrate in relation to deposition temperature [43]. In 2004, Chaudhary et. al, studied the PEC
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properties of CuO thin films by varying the deposition temperature and spray time using spray
pyrolysis on FTO substrates. In 2012 Tang et. al, investigated the stability enhancement of
CuO thin-film photoelectrodes by Ti-Alloying [44]. Also, in 2019 Wang et. al, reported the
identification of copper vacancies and their role in the CuO based photocathode for water-
splitting [45].

2.5. Crystal structure of CuO

2.5.1. Tetragonal CuO

Unlike the monoclinic CuO, tetragonal and cubic phases of CuO are rock-salt structures which
are more symmetrical, hence they have the potential to be high temperature superconductors
[33, 46]. Tetragonal (elongated rock-salt) CuO consists of inter-penetrating corner sub-lattices
of CuOz (Figure 2.5.1) which form infinite CuO planes along the c-axis, this results in two anti-
ferromagnetic ground states which are shown in the right side of Figure 2.5.1 [47-49]. The anti-
ferromagnetic interactions form at Néel temperatures ranging from 600 -1000 K [33, 50].
Tetragonal CuO has not been found in nature, however it has been epitaxially grown on SrTiO3

substrates in a form of thin films [47, 51].
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Figure 2.5.1 Crystal structure of Tetragonal CuO.
Red: Oxygen atoms, Grey: Copper atoms, Arrows: Anti-ferromagnetic moments [52]

2.5.2. Cubic CuO
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Among the three polymorphs of CuO, the cubic phase has emerged the most structurally and
electronically symmetrical. Furthermore, it is metastable, thus it can be converted to
monoclinic phase at elevated temperatures [34]. Cubic CuO has also not been found in nature,
however Shi et. al, 2017 reported the first pure cubic phase which was successfully synthesized
on an alumina substrate using Cu(acac)2 as a precursor [34]. The unit cell is face-centred and
consists of two Copper and two oxygen atoms situated at the edges of the cell with lattice
parameters, a=b=c=4.245A a=p=y=90° (Figure 2.5.2), has anti-ferromagnetic
interactions which form at low Néel temperatures of 600 K [50, 53-55].

Figure 2.5.2 Crystal structure of Cubic CuO.

Red: Oxygen atoms, Grey: Copper atoms, Arrows: Anti-ferromagnetic moments [52]

2.5.3. Monoclinic CuO

Monoclinic CuO is the least stable phase of CuO and belongs to the space group C2/c, with
lattice constants a = 4.6837 A, b =3.4226 A, ¢ =5.1288 A, and B = 99.54°. The copper atoms
in the monoclinic phase are attached to four oxygen atoms located at the edges of a rectangular
parallelogram, occupying the symmetry site 4(c) where (X, y, z) = (0.25, 0.25, 0), whereas the
oxygen atom is co-ordinated to four carbon atoms located at the edges of a distorted tetrahedron
(Figure 2.5.3), occupying the 4(e)-symmetry site where (X, y, z) = (0, 0.57, 0.25). The atoms
form strong one-dimensional anti-ferromagnetic interactions through the super-exchange paths
Cu-O-Cu (6 =~146°) at a low Néel temperature of 231 K, and diminish above 550 K along the
[101] direction [35, 52, 56-58]. The reduced Néel temperature is influenced by Jahn-Teller

structural distortion which stabilizes the monoclinic ground state. Ferromagnetism is
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associated with the configuration of Cu?* and O? in a crystal lattice which results in a single
unpaired d-electron, inducing magnetic moments and Jahn-Teller structural distortion [59-61].
Magnetic moments of monoclinic CuO are indicated by arrows in Figure 2.5.3. It has been
extensively investigated more than the other phases due to its wide range of applications as an
active catalyst [62], gas sensor [63], supercapacitor [64], photoelectrode [31], superconductor
[65] as well as a magnetic and field emission material [66]. As a result, it has fabricated using
different techniques to improve charge transfer and migration as well as redox reactions at the

surface.

Figure 2.5.3 Crystal structures of monoclinic CuO.

Red: Oxygen atoms, Grey: Copper atoms, Arrows: Anti-ferromagnetic moments [52]

2.6. CuO Deposition techniques for PEC water-splitting

2.6.1. Sol-gel dip-coating

Sol-gel dip-coating is a simple, inexpensive technique used to fabricate thin films for PEC
water-splitting by uniformly coating the substrate over large surface areas [67, 68]. The coating
process involves dipping, withdrawing and drying the thin films. In detail, the substrate is
vertically dipped into the precursor at constant speed and coated for a certain period of time
(Figure 2.6.1 (a) and (b)), the coated substrate is then withdrawn from the precursor (Figure
2.6.1 (c)) and further dried by heat treatment to evaporate the solvent and to induce
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crystallization (Figure 2.6.1 (d)) [69, 70]. The deposition time, withdrawal speed and drying
stages are essential for determining the structural and morphological properties of the films
[68]. Toupin et. al, 2019 reported CuO thin films deposited via sol-gel dip-coating. The films
were further subjected to heat treatment and the pure phase was obtained at temperatures higher

. . . -2
than 360 °C in air. The films yielded photo-current response of -0.94 mA cm at0 V vs. RHE
when annealed at 400 °C in air [67].
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Figure 2.6.1 Deposition process of sol-gel dip-coating: (a) Dipping (b) Deposition (c)
Withdrawal (d) Drying of the substrate.

2.6.2. Spin coating

Spin coating is a fast, low cost and less hazardous technique which is commonly used to
uniformly fabricate thin films on flat substrates for PEC applications. A typical spin coating
process includes depositing a small portion of the precursor on the substrate centre (Figure
2.6.2 (a)), and then spinning it at a constant high speed for a certain period of time, allowing
uniform coating over the surface (Figure 2.6.2 (b)). Lastly, the solvent undergoes evaporation,
and the desired material is left on the substrate (Figure 2.6.2 (c)). The films may be subjected
to heat treatment for further drying and crystallization. This process may be repeated a few
times to obtain the desired film thickness [41, 68, 71]. The viscosity of the precursor, rotational
speed, and drying rate may influence the structural, morphological, and PEC properties of the
films. Lim et. al, 2014 successfully fabricated a pure phase of CuO thin film via spin coating.
The film was used as a photocathode for PEC water-splitting, it achieved a photo-current
response of —0.35 mA cm 2 at 0.05 V vs. RHE [41].
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Figure 2.6.2 Schematic presentation of spin-coating: (a) Deposition (b) Spinning (c)
Evaporation.

2.6.3. Spray pyrolysis

Spray pyrolysis is an easy, cost effective, contact free technique which is used to prepare films
of any composition, from a small-scale laboratory to large-scale industries [68, 72]. The films
may be used as fuel cells, or solar cells for PEC applications [72]. A spray pyrolysis method
involves spraying a precursor solution on a substrate that is placed on a heated hot plate using
a spray nozzle [73] (Figure 2.6.3). The temperature of the substrate, as well as the momentum
of the droplets, influences the impact of the droplets onto the surface, which in turn affects the
spreading and distribution of the precursor solution onto the substrate [72]. Hence, to obtain
good quality thin films for PEC water-splitting using spray pyrolysis, processing parameters
such as the temperature of the substrate, concentration of the precursor solution and the spray
rate may be optimized [74]. Patel et. al, 2016 synthesized highly photoactive and photo-stable
spray pyrolyzed Tenorite CuO thin films for PEC applications, and the films yielded a high
photo-current response of 24 mA/cm ™2 at 0.25 V vs. RHE after the addition of KsFe(CN)g into
the electrolyte [75].

|—> Spray nozzle

Precursor

solution S\

Figure 2.6.3 Schematic diagram of spray pyrolysis.
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2.6.4. Successive lonic Layer Adsorption and Reaction (SILAR)

SILAR is an easy technique which is suitable for deposition over large surface areas, it is based
on the adsorption and reaction of ions from differently placed cationic and anionic precursor
solutions at room temperature. The coating process involves adsorption of the cations on the
surface through the immersion of the substrate in the cationic solution (Figure 2.6.4 (a)),
resulting in the formation of the Helmholtz electric double layer. This is followed by rinsing
of the excess solution with deionized water to remove any excess unreacted ions (Figure 2.6.4
(b)). The coated substrate is further immersed in the anionic solution, where the anions react
with the cations from the cationic solution to form a solid substance on the surface (Figure
2.6.4 (c)). Lastly, the excess product is rinsed again with deionized water (Figure 2.6.4 (d))
[76-78].

As a technigue which function under low temperatures, it has a significant advantage of also
preventing oxidation and corrosion of the substrate. The optimization of the deposition and
rinsing time, as well as the concentration and pH of the precursors may be required to obtain
good quality thin films [77, 78]. Dubale et. al, 2016 synthesized a highly photoactive
Cu20/CuO heterostructure which was modified with CuS via SILAR. The optimized
Cu20/CuO/CusS photocathode achieved an enhanced photo-current density of —=5.4 mA cm 2 at
0 V vs.RHE, which is 2.5 times more than that of bare Cu2O/CuO under illumination.
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Figure 2.6.4 Schematic presentation of SILAR: (a) Deposition of cationic solution (b) 1%
Rinse (c) Deposition of anionic solution (d) 2" rinse

2.6.5. Magnetron sputtering
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Magnetron sputtering is a physical vapor deposition technique which is known for producing
high purity thin films at high deposition speeds and uniform coating over substrates which are
sensitive to heat or possess large surface areas [79]. The coating process involves high-energy
particles of a material which are bombarded onto the surface of a substrate through applied
electric potential (Figure 2.6.5). If the incident kinetic energy with which the particles strike
the surface is less than the binding energy of the surface particles, it is likely that they will get
reflected or absorbed on the surface. Whereas if the incident energy is greater than the binding

energy (~10-20 eV), the particles may be sputtered from the surface. This process is performed

under vacuum to maintain the high energies of the particles and to prevent too many collisions
between particles [79-81]. To obtain good quality thin films, deposition rate, distance to the
substrate, sputtering power etc. may be optimized. Masudy-Panah et. al, 2016 reported a
sputter-grown CuO thin film which was used as a photocathode for PEC water-splitting. The
film showed photo-current response of ~0.92 mAcm 2 at 0 V vs RHE, which increased to ~2.5

mAcm 2 at 0 V vs RHE due to an increase in film thickness.
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Figure 2.6.5 Schematic diagram of magnetron sputtering.

2.6.6. Drop-casting

Drop-casting is an inexpensive, easily controlled coating technique which does not require any
expensive equipment for deposition. It involves dropping a precursor solution onto the surface
of the substrate (Figure 2.6.6 (a) and (b)), followed by drying of the films through heat
treatment (Figure 2.6.6 (c)) [82]. Unlike the above-mentioned deposition techniques, the
application of drop-casting is limited to a small area and is typically used to coat over

photoelectrodes to modify their properties [82, 83]. The quality of the films relies on the size,
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release and spread of the droplet, as well as the direction in which the drop is deposited. The
density and viscosity of the precursor also play a role in determining the outcome of the films
[82-84]. Park et. al, 2014 investigated Pt-coated CuO/CuBi>O4 heterojunction which was
synthesized by drop-casting for hydrogen production. The FTO/CuO/CuBi»04/Pt photocathode
produced photo-currents of 100 and 80 mA cm? which were twice as much as FTO/CuO/Pt and
FTO/CuBi204/Pt. The photocathode retained 60% of the photo-current after 20 min of

chronoamperometry measurements [85].
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Figure 2.6.6 Schematic diagram of a drop casting technique: (a) Dropping (b) Droplet on top
of a substrate (c) Drying.

2.7. Optimization of processing parameters of dip-coated CuO as a photocathode

for PEC water- splitting

The sol-gel dip coating method stands out among many other film deposition technigques due
to its low processing cost, ease of processing, composition control, as well as its ability to form
uniform films on substrates with large surface areas. Many processing parameters for preparing
dip-coated CuO films can be optimized for enhancement of PEC reactions. These parameters
are discussed in this section.

2.7.1. Withdrawal speed

Withdrawal speed of the substrate is a processing parameter which is typically optimized in
deposition techniques which involve the vertical withdrawal of the substrate from the precursor
solution at constant speed, as shown in Figure 2.6.1 (c) [69]. Sol-gel dip-coating [86] and
SILAR [78] are good examples of methods which include this parameter. Withdrawal speed
influences the film thickness of the films because of the viscous drag between the precursor
and the substrate. Increased withdrawal speeds of the substrates result in thicker films which

take a longer period to dry. Thus, by optimizing withdrawal speed, the surface area, porosity
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and crystallinity of the films may be tuned, enhancing morphological properties for PEC
applications [69, 86, 87]. The effect of withdrawal speed on PEC properties of photoelectrodes
such as ZnO [86], NiO [88], TiO2 [89] have been studied, however a study on the influence of
withdrawal speed on CuO photocathodes for PEC applications is yet to be reported.

2.7.2. Film Thickness

The thickness of the film is a processing parameter which can be optimized through the
utilization of any other deposition technique for PEC water-splitting. For example, film
thickness can be increased by performing multiple deposition cycles on the substrate using
SILAR [90], by increasing the volume of the precursor solution by spray pyrolysis [91], or by
increasing the withdrawal speed of the substrate by sol-gel dip-coating [69] etc. Increased film
thickness is a parameter is well known for its significant influence on the crystallization,
absorbance and transmittance, surface morphology and resistivity of thin films, which makes
it essential for enhancing PEC properties [90-92]. Saad et. al, 2020 reported crystalline CuO
films which were synthesized by spray pyrolysis, the films were highly absorbing as a result
of the declined bandgap (1.63 - 1.52 eV), they further showed low resistivity at elevated film
thicknesses [91]. Similarly, Akaltun, 2015 reported SILAR-grown CuO thin films which were
crystalline and highly absorbing due to the decreased bandgap (2.03 - 1.79 eV) for the film
with the optimum thickness of 310 nm [90].

2.7.3. Annealing temperature

Annealing is a post-deposition heat treatment which plays an important role in crystallinity and
morphology of thin films. The ideal annealing temperature for thin films depend on conditions
in which the films were grown, such as the gaseous environment during the annealing process
or the above-mentioned processing parameters and deposition techniques. Some thin films may
contain mixed phases prior to annealing or at higher/lower annealing temperatures, while some
may change morphology [93-96]. For instance, Johan et. al, 2011 chemically deposited CuO
thin films on glass substrates and further annealed them from 200 — 400 °C in air. The films
annealed at 200 °C showed a Cu20 composition, whereas those annealed at 300 °C revealed
mixed phases of CuO and Cu20. Furthermore, those annealed at 400 °C were completely
converted CuO [93].
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2.7.4. Period of deposition on the substrate

The period of deposition is typically known to influence the film thickness [97], morphology
[98] and crystallinity [99] of thin films. It can either be the period of spraying for deposition
techniques which utilize the spraying effect or immersion period for those that use the
immersion effect [98, 99]. An increase in the time of deposition result in an increase in the
density and size of the particles which is associated with the thickness of the films, this may be
due to an increase in the surface area during the deposition [97]. Yaw et. al, 2016 studied the
effect of deposition time on the photoelectrochemical properties of CuQ thin films synthesized
via electrodeposition method. The CuO films produced photo-current of up to 0.23 mA/cm? at
- 0.3 V (versus Ag/AgCl) when deposited for 15 minutes. Beyond 15 minutes, photo-current
density declined because of the optimum film thickness reached, where the penetration of light
decreases [100].

2.7.5. Concentration of the precursor

Similar to the above-mentioned processing parameters, the concentration of the precursor
solution has a significant influence on the structural, morphological and optical properties of
thin films for PEC applications. Increasing concentrations can enhance the crystallinity, change
crystal orientation, morphology and increase the film thickness, as well as the photo-absorption
of the films [101-103]. This may be attributed to the increasing number of particles, which
result in increasing film thickness, consequently increasing optical absorbance and crystal size
[104]. Kushwaha et. al, 2017 tailored the morphology of a CuO photocathode using aqueous
solution technique for enhanced visible light driven water-splitting. The CuO-nanoleaves
showed photo-current response of 1.5 mA/cm?, whereas the CuO-nanosheets yielded photo-
current of 1.1 mA/cm? at 0 V v/s RHE, respectively.

2.8. Stability of CuO photocathodes under aqueous electrolytes for hydrogen

production

The primary challenge of utilizing CuO as a photocathode for hydrogen evolution is the poor

photo-stability in aqueous solutions, also it is prone to photo-corrosion as a consequence of
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self-reduction by photo-excited electrons [105, 106]. Over the years, strategies have been
implemented to improve the stability and photo-current response of CuO for large scale PEC
applications, these include doping of metal/non-metal ions [107], hetero-coupling [85],
passivation layers [108] and defect engineering (nano-structuring) [45], respectively. Notably,
stable CuO thin-films are typically obtained at the expense of photo-current density, hence to
find a balance between stability and photo-current response, photoelectrodes may need to be

optimized prior to performing stability tests [44, 105].

2.8.1. Doping of metal/non-metal ions

Doping is the introduction a foreign ion to a crystal lattice of a host material, the dopants form
donor/acceptor energy levels in the bandgaps of the host materials, depending on whether the
host is n-type or p-type [7, 11]. These energy levels can drastically reduce the photocatalytic
activity of semiconductors by working as recombination centres for the photoexcited charge
carriers, however if a suitable dopant is chosen it can improve the stability as well as the
conductivity of the semiconductor by extending the lifetime of photogenerated charge carriers,
enhancing charge transfer and migration and narrowing the bandgap for enhanced photo-
absorption [7, 109].

Ahmed et. al. 2020 reported a 2% Ba-doped CuO thin film via SILAR for solar generation of
hydrogen, the film showed long-term stability at a photo-current density of 17 mA/ cm? at -1
V, which was 3.5 times that of the bare CuO films [107]. Tang et. al, 2012 incorporated Ti into
CuO and CuO/CuO thin films to enhance stability for PEC water-splitting. The Ti-alloyed CuO
displayed improvement in photo-stability and no photo-corrosion for a time-scan of 2hrs,
however photo-current density declined by 80% due to nonradiative recombination centres
introduced by doping. Whereas the Ti-alloyed CuO/CuO films displayed improvement in
stability with no significant decline in photo-current density [44].

2.8.2. Hetero-coupling

Hetero-coupling of two or more semiconductors is commonly utilized to limit electron-hole
recombination, as well as isolating reaction sites on the surface of the photoelectrodes through

the separation of electrons and holes into different compartments [10, 18]. The charge
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separation is caused by the electric field which is formed at the interface of the P-N junction,
furthermore the bandgap of the formed heterojunction is able to increase photo-absorption in
the visible region [24]. Examples of heterostructures are shown in Figure 2.2.4 (a) and (b).
Tsege et. al, 2018 fabricated a CuO/ZnO nanowire heterojunction for PEC water-splitting, the
prepared photocathode yielded an enhanced photo-current density of -8.1 mA/cm? at 0 vs RHE.
69% of the photo-current density was retained under illumination of light, the CuO/ZnO
photocathode was 1.46 times more stable than an intrinsic CuO photocathode [110]. Also, Xing
et. al, 2019 synthesized a CuO/TiO»/Pt photocathode for photoelectrochemical water-splitting.
The photocathode showed a photo-current response of —0.75 mA cm 2 at —0.55 V vs. Ag/AgCl,
it also retained stability of 84% after a stability test of 2 hours [106].

2.8.3. Passivation/protective layers

Photoelectrodes can be encapsulated with protective layers to prevent photo-corrosion and
improve photo-stability in aqueous electrolytes [108]. Moreover, they can prevent the
occurrence of charge recombination states within the bandgap [111], they can function as
catalysts for HER/OER at the solid/liquid interface [112], Lastly they can shift the band
positions of the photoelectrode relative to the electrolyte [113]. The layers should be
inexpensive, easily synthesized, thin enough to permit transfer of charges between the
semiconductor and the electrolyte and thick enough to prevent corrosion from the aqueous
electrolyte, furthermore they must not destroy the semiconductor-electrolyte junction,
respectively [108]. For example, Xing et. al, 2019 synthesized a CuO/Al photocathode which
was subjected to a spontaneous oxidation process in air to form a Al.Os passivation layer. The
resulting photo-current density was 1.9 times higher than that of pure CuO with photo-stability
of 89.5 % after 1 hour [114]. Kunturu et.al, 2019 reported carbon coated Cu,O and Cu20/CuQO

photocathodes which showed improved photo-current densities of 6.5 and 7.5 mA/cm_2 at 0
and —0.1 V vs RHE potentials, furthermore the photocathodes were stable for 50h at 0.3 V vs
RHE [115].

2.8.4. Defect engineering (nano-structuring)
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Nano-structuring is typically used to improve the stability [116], photo-absorption [117],
charge separation and migration [118] and bandgap tuning [119] of photoelectrodes for
optimized PEC performance. Nano-structuring can however result in a slow charge transport
process, increasing the chances of charge recombination. To overcome these limitations, 1D
(nanowires, nanorods, nanotubes) [120], 2D (group IlI-V semiconductors) [121], 3D
(integrated 1D or 2D nanostructures) [122] nanostructures as well as co-catalysts [106],
plasmonic nanoparticles [123] and quantum dots [124] have been incorporated or loaded on
the surface of the semiconductors, respectively. Zhao et. al, 2014 synthesized CuO nanowire
arrays which were decorated by Ag nanoparticles for enhanced PEC water-splitting, the photo-
current response of the photocathodes were four times the photo-current of bare CuO nanowire
arrays under the same conditions, also the photocathodes showed stability after 300s [123].
Masudy-Panah et. al, 2017 fabricated CuO photocathodes which were further deposited with

gold-palladium (Au-Pd) nanoparticles on the surface, the prepared photocathodes showed ~
25% improvement in the photo-current density, as well as enhanced photo-stability of ~90%

for 20 minutes, respectively [125].
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Chapter 3

3.0 Experimental

3.1 Introduction

In this chapter, the fabrication of Copper Oxide (CuO) thin films prepared via the sol-gel dip-
coating method at different withdrawal rates, film thicknesses and annealing temperatures are
discussed. Furthermore, the deposition of protective layers of CuO films with Activated
Charcoal (AC) by spray pyrolysis and Silver (Ag) and Gold (Au) nanoparticles (NPs) by drop
casting method to improve the photo-stability of the films in electrolyte are presented. The
results of studying the pristine and modified CuO films using X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy
(EDS), ultraviolet-visible (UV-Vis) spectroscopy and Raman spectroscopy are explained in
detail. Furthermore, an expansive discussion of the results obtained from the
photoelectrochemical (PEC) studies of all pristine and modified CuO photocathodes using
linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), Mott-

Schottky (MS) analysis, and chronoamperometry techniques are given.

3.2 Preparation of CuO thin films

3.2.1 Substrate cleaning

Fluorine-doped Tin Oxide (FTO) substrates of dimensions 1.1 x 3 cm were sequentially
cleaned in an ultrasonic bath with detergent, deionised (DI) water, ethanol, and isopropanol for
15 min each. The substrates were further dried with nitrogen gas to remove the excess
isopropanol. The FTO substrates were purchased from Sigma Aldrich and has a sheet resistance
of 7 Q/sq.

3.2.2 Synthesis of CuO thin films

The precursor solution used for the deposition of CuO films was prepared by dissolving 0.25 M
copper acetate in 90% propan-2-ol, 5% diethanolamine and 5% polyethylene glycol-400 at
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room temperature. All the chemicals used were purchased from Sigma Aldrich and were of
analytical grade. In detail, 0.25 M copper acetate was dissolved in 27 ml propan-2-ol, the
solution was vigorously stirred for 1 hr. Afterwards, 1.5 ml diethanolamine was added and
continuously stirred for another 1 hr. Finally, 1.5 ml polyethylene glycol-400 was added to the
solution and further stirred for 2 hrs. For the optimization of withdrawal speed, the substrates
were dipped into the precursor solution for 1 min and withdrawn at different rates of 50, 100,
150 and 200 mm/min respectively. The films were then dried at 120 °C for 12 min, and further
treated at 300 °C for 5 min. The process was repeated five times to obtain 5 layers of the films
prepared at different withdrawal rates. The films were all annealed for 1 hr at 600 °C for further
crystallization. For the optimization of the film thickness, additional samples were prepared at
a constant withdrawal speed of 150 mm/min to consist of 7 and 10 layers of the CuO films
under the same drying and annealing conditions. Lastly, more CuO films were prepared at
withdrawal speed of 150 mm/min, consisting of 7 layers, and subjected to the same drying and
heat treatment conditions as previous samples except that the films were annealed at 400°C,
500°C and 650°C to also study the influence of annealing temperature on the photocatalytic
properties of the films. An illustration of this experimental procedure is given in Figure 3.2.1

g

I! 1 hr I! 1 hr i! 1 hr ’

0.25 M Copper acetate
+
90% Propan-2-ol

5% 5% polyethylene CuO precursor
diethanoamine glycol 400 solution.

4

Films prepared at 150
mm/min with 7 layers were

annealed at 400, 500 and 650 5 times at 50,
100, 150 and 200 == FTO
mm/min
Dip-coating
in the CuO
N precursor
|Thin films | All films consisting of 5 Drying at 120 °C 7 and 10 times for 1 min

layers were annealed at for 12 min and at 150 :
600 °C for 1 hr 300 °C for 5 min. E

Figure 3.2.1 Schematic illustration of the experimental procedure for the preparation of the
CuO precursor and CuO thin film preparation using the three-step heat treatment approach.
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3.2.3  Synthesis of CuO films modified with activated charcoal (AC)

Pristine CuO films were first prepared as described in section 3.2.2 at a withdrawal rate of 150
mm/min, consisting of 7 layers and annealed at 600 °C. The pristine CuO films were modified
with different number of layers of AC via spray pyrolysis. A 0.5 M of AC solution was prepared
by dissolving 2.40 g of AC in 400 ml of ethanol under vigorous stirring for 30 minutes. One
layer of AC was deposited on the pristine CuO films using a 0.5 mm nozzle and spray solution
of AC at a nozzle-substrate distance of 30 cm, substrate temperature of 300°C, and spray-time
of 30 s. The sample was further treated at 350 °C to obtain 1 layer of AC on CuO films.
Following the same procedure, two more samples were prepared consisting of 3 and 5 layers
of AC on pristine CuO films. CuO/AC-1L, CuO/AC-3L and CuO-AC-5L were used to denote
the pristine CuO samples modified with 1, 3, and 5 layers of AC respectively. Figure 3.2.2

presents a simple illustration of the process of AC deposition on pristine CuO.

L
0.5 mm nozzle B cw°
FTO
. Sprayed
AC solution I — AC solution » ‘
Pristine Cu0
Thin film

Figure 3.2.2 Schematic representation of the synthesis of CuO/AC thin films.

3.2.4 Synthesis of CuO/Ag thin films

Pristine CuO films prepared as described in section 3.2.2 at a withdrawal rate of 150 mm/min,
consisting of 7 layers and annealed at 600 °C were modified with Ag nanoparticles using a
simple solution-based drop casting technique. To prepare the Ag NPs used for the modification
the CuO films, 1 mM Silver Nitrate (AgNO3) was dissolved in 50 ml di-ionized (DI) water
under vigorous stirring, at room temperature. 1 mM trisodium citrate (NazCsHs07) was then
slowly added to the solution while stirring. Lastly, 1.5 L aqueous solution of 40 mM Sodium
Borohydride (NaBH4) was added into the solution, which immediately turned yellow. The
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solution was heated at 100°C for 30 min to obtain a solution of Ag nanoparticles [1, 2]. 150 puL
of the Ag NPs solution was deposited dropwise on FTO/CuO films via drop casting and
allowed to dry at 100°C for 15 min to form one (1) layer of Ag nanoparticles on the pristine
CuO films (Figure 3.2.3). Following the same drop casting procedure, additional samples were
prepared to consist of 3 and 5 layers of deposited Ag nanoparticles on the pristine CuO films.
The pristine CuO films modified with 1, 3, and 5 layers of Ag were labeled CuO/Ag-1L,
CuO/Ag-3L, and CuO/Ag-5L respectively.

Ag NPs
AgNps D cuo
solution - 4
‘ FTO

— I

Figure 3.2.3 Schematic illustration of the surface modification of CuO films with Ag NPs

3.2.5 Synthesis of CuO/Au thin films

CuO films prepared as described in section 3.2.2 at a withdrawal rate of 150 mm/min,
consisting of 7 layers and annealed at 600 °C were also modified with Au nanoparticles using
a simple solution-based drop casting technique. A solution of Au NPs was prepared by adding
40 mM NaBHg into a stirring solution containing 1 mM of Chloroauric acid (HAuCls) and 1
mM of NasCeHs07 in DI water, the mixture immediately turned into a light shade of pink colour.
The solution further turned into a dark shade of purple after a few minutes and to ruby-red
following 20 minutes of heating while stirring at 100 °C, indicating the formation of Au
nanoparticles. The ruby-red solution was heated for an additional 10 mins at the same
temperature to obtain a solution of Au NPs. 150 pL of the prepared Au NPs solution was added
dropwise onto the pristine CuO films via the drop casting technique illustrated in Figure 3.2.4.
The films were allowed to dry on a hot plate at 100 °C for 15 min to obtain 1 layer of Au NPs
on CuO films. Following the same drop casting procedure, additional samples were prepared
to consist of 3 and 5 layers of deposited Au nanoparticles on the pristine CuO films. The pristine
CuO films modified with 1, 3, and 5 layers of Ag were labeled CuO/Au-1L, CuO/Au-3L, and
CuO/Au-5L respectively.
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Figure 3.2.4 Schematic representation of the synthesis of CuO/Ag thin films.

3.3  Characterization

The structural properties of the prepared CuO, CuO/AC, CuO/Ag, CuO/Au thin films were
investigated using XRD measurements with a D2 PHASER-e diffractometer which utilizes Cu-
Ko radiation at a wavelength of 0.15418 nm. The Raman spectra of the films were analysed
using WiTec alpha 300 RAS+ Confocal Raman instrument with an excitation laser of 532 nm
at 5 mW. The Field emission scanning electron microscopy (FE-SEM) was used to study the
surface morphology and cross-sectional views of the prepared films were studied using Zeiss
Ultrafast 540 instrument. An energy dispersive X-ray spectroscopy (EDS) system which was
coupled to the Zeiss Ultrafast 540 was used to analyse the elemental composition of the thin
films. An Agilent Cary 60 UV-Vis spectrometer was used to study the optical properties of the

films.

3.4 PEC measurements

PEC properties of CuO, CuO/AC, CuO/Ag, CuO/Au thin films were investigated. The films
were used as photocathodes in a three-electrode electrochemical system [3]. The PEC cell used
to perform the PEC measurements consist of a transparent window made of fused silica
(amorphous SiOy) for the transmission of light in the range of ultraviolet to near-infrared region
of the electromagnetic spectrum [4]. 1 M NaOH (pH = 13.6) bubbled with N> gas for 30 mins
was used as the electrolyte for the electrochemical measurements. The CuO photocathodes, 2
x 2 cm platinum mesh, and Ag/AgCl in 3M KCI were used as working, counter, and reference
electrodes respectively. The PEC cell was coupled to a VersaSTAT 3F potentiostat from
Princeton Applied Research which was used to carry out all the PEC measurements. The photo-

current responses of the films were obtained using Linear Scan Voltammetry (LSV)
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measurements which were performed on the films under dark and illuminate conditions, in the
potential range of 0 to -0.65 V vs Ag/AgCl, and at the scan rate of 0.04 V/s. The Newport
Oriel® LCS —100 TM solar simulator was used as a light source and was calibrated using a
Newport 91150V reference cell to 1 sun. Electrochemical impedance spectroscopy (EIS)
measurements were performed to study the charge transport processes occurring at the surface
of the photocathodes. These were carried out at -0.5 V vs. Ag/AgClI, at an excitation amplitude
of 10 mV, and a frequency range of 10 000 — 0.1 Hz. The measurements were done in dark
conditions for the pristine CuO samples and under illumination for the AC, Ag, and Au
modified CuO films. EIS measurement was also performed on pristine CuO consisting of 7
layers under illumination for comparative purposes with the modified samples. The surface
area of the photocathodes exposed to the illumination of light was 0.49 cm?. The obtained EIS
experimental data were fitted to an equivalent circuit model using the ZView software from
Scribner Associates. Chronoamperometry measurements were also performed under dark and
illumination conditions to study the stability of the thin films. This was done at -0.4 V vs
Ag/AgCI for CuO and CuO/AC samples, and at -0.5 V vs Ag/AgClI for CuO/Ag and CuO/Au
photocathodes. Also, the time scan was 0-500 s for the chronoamperometry measurements
performed on the pristine photocathodes and 0-1200 s for all the other films. All the potentials
measured against Ag/AgCl were converted to the RHE scale using Eq. 3.1:

ORHE = (DAg/AgCI + (0059 X pH) + (DOAg/AgCI Eq 3.1

Orye represents the potential in RHE scale, whereas ®agaqci is the potential against the
Ag/AQCI reference electrode and ®°agaqci is the potential of the reference electrode against

Ag/AgCl used in the experiment. The value of ®°agagci is 0.198 V at 25 °C [4, 5].

3.5. Techniques for film characterization

3.5.1. X-ray diffraction (XRD)

XRD has been a standard technique typically used to study the crystal structure, phase and
orientation of materials. The XRD pattern of a material is used to determine the crystallinity,
crystal size, lattice parameters, strain, and defects within its crystal structure [6]. The

mechanism of XRD involves the generation of X-rays within a cathode ray tube of a
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diffractometer which are then shifted and bombarded onto the sample. The interaction of the
X-rays with the sample triggers some rays to diffract in different directions. Lastly, the detector
scans sample in a range of 20 angles, processes the signals, and records the pattern of the

diffracted X-rays on a monitor (Figure 3.5.1) [6, 7].

Diffraction occurs if the conditions of Bragg’s law given in Eq. 3.2 are satisfied when the
interaction between the incident X-rays and the sample produce constructive interference after
the diffraction of the rays.

nk =2d sinf Eq. 3.2

where X\ represents the wavelength of the X-rays, n is an integer, d is the interplanar spacing

between diffraction planes, and 8 is the angle of diffraction [6, 8].

X-ray source X-ray
detector
»  Incident
e X-rays < Diffracted

X-rays

Figure 3.5.1 Schematic diagram of XRD.

3.5.2. Raman Spectroscopy

Raman spectroscopy is a non-destructive, analytical technique which has been used to
determine the chemical composition, crystallinity, and molecular interaction of materials
through the inelastic scattering of light [9, 10]. It involves the irradiation of a laser beam on a

sample and sequentially, the beam of light is split into different wavelengths by an edge filter
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before being absorbed by a detector (Figure 3.5.2). The spectrum of the measurement is
recorded and displayed on a computer monitor as a plot of intensity against the Raman shift [9,
11].

Computer Edge
Monitor Detector Fil’rger

/~ . <\Mirror

Laser Input Filter

<» Beam
. Splitter
Microscope

Objective lens

Sample Holder
With a Sample

Figure 3.5.2 Schematic representation of Raman spectroscopy.

3.5.3. Scanning electron microscopy (SEM)

SEM is a non-destructive technique commonly used to study the surface morphology, chemical
composition and crystalline structures of materials through the scanning of high-energy
electron beams across the sample under vacuum [12]. SEM can operate at high magnifications
of up to 1,000,000 times and has a large depth of field which enables focusing on a large portion
of the sample surface. Therefore, it does not depend on the smoothness of the sample to
function [12, 13].

The operation of SEM includes the thermal emission of high-energy electrons (~ 2 — 40 KeV)
from the tip of an electron gun such as lanthanum hexaboride (LaBs), field emission gun, and
tungsten hairpin filament. The magnitude of the electron beam is then reduced into a fine probe
by electromagnetic condenser lenses, and through some scan coils, the selected area of the

surface of the sample is scanned in a raster which is synchronised with the electron beam
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(Figure 3.5.3) [13, 14]. The interaction of the beam with the sample produces secondary and
backscattered electrons. The signal from secondary electrons yields an image with a high depth
of field, whereas the signal from the backscattered electrons yields an image that show the
sample’s composition. The signals are collected by detectors and recorded on a monitor [12,

13].

Electron Beam

Elect romagnetic

Lens
Scanning Coils
Backscattered %
Electron Detector — Secondary

Electron Detector

A sample Stage
Figure 3.5.3 Schematic diagram of SEM.

3.5.4. Energy dispersive X-Ray Spectroscopy (EDS)

EDS is a microanalysis technique used to identify major elements mostly greater than 10 % by
weight which are present at the point where the electron beam interacts with the sample [12].
Typically, it is coupled with SEM, hence it uses the electron beam of the microscope for the
generation of characteristic X-rays of the main elements of a sample [15]. The emitted X-rays
are then absorbed and separated by the detector on the basis of Bragg diffraction, leading to
the identification of primary elements belonging to the material. The spectrum of the elements
in a scanned area of a sample are recorded and shown on a monitor. Furthermore, EDS can
map the elemental composition using the point analyser at a certain point of the sample [16,
17].
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3.5.5. Ultraviolet and visible spectroscopy (UV-vis)

UV-vis is utilized to measure optical properties of materials by recording their absorption,
transmittance, and reflectance of in the ultraviolet (200-400 nm) and visible (400-700 nm)
regions of the electromagnetic spectrum. It is also referred to as the electronic absorption
spectroscopy due to the excitation of electrons from low energy to high-energy molecular

orbitals (Electronic Energy Level) when a material is irradiated with light [18, 19].

UV-vis spectrometers consist of monochromators and sample chambers which are placed in
alignment with the light source. Before a beam of light is irradiated on a sample, it is first split
into various wavelengths by the monochromator. The diffracted spectrum then passes through
the slit before it is focused onto the sample. Once the light is illuminated on a sample, it is
either absorbed, transmitted or reflected by the sample. Hence, light with various intensities
falls on the detector, generating a signal of alternating voltage. The signal is recorded as a plot
of wavelength versus intensity of absorbed/transmitted/reflected radiation [20, 21]. Figure

3.5.4 present a schematic diagram illustrating the basic operation of a UV-Vis spectrometer.

Visible-light
Lamp
Sample-holder
Slit  with a sample Computer
Detector Monitor
Mirror  Monochromator
|
lefrac'fed I
Light
Ultraviolet
Lamp

Figure 3.5.4 Schematic diagram of UV-Vis.

3.6. Techniques for Photoelectrochemical studies

3.6.1. Linear Scan Voltammetry (LSV)
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LSV is a technique used to obtain qualitative data of occurring electrochemical reactions
occurring on electroactive materials [22]. To carry out the measurement, a PEC cell is attached
to a three-electrodes (working, counter, and reference) electrochemical equipment typically
known as a potentiostat, a function generator, an amplifier, and a recording and display system.
A potential is then applied and scanned from lower to higher potentials or vice versa, at a
constant scan rate. The flow of current during the reaction is largely influenced by the
electrochemical reactions occurring on the electrodes surface, and partly due to the applied
potential [22, 23]. The current response of the material can either be cathodic or anodic for n-
or p-type materials, respectively (Figure 3.6.1) [24]. The photo-current measurements are
recorded and plotted as a function of potential on a monitor. The measurements can be done
under both dark and illumination conditions to obtain the photo-current response of a
photoactive electrode.

Anodic photocurrent

Potential Vs RHE (V)
Cathodic photocurrent 0 V)

Photocurrent density (mA/cm?2)

Figure 3.6.1 Schematic illustration of a cathodic and anodic photo-current response

3.6.2. Electrochemical impedance spectroscopy (EIS)

EIS is an electrochemical method commonly used to study the charge transfer processes
occurring at the solid/liquid interface and in the region of the electric double layer of an
electrode. The current flowing across the PEC cell induces a redox reaction given in Eg. 3.3 at
the electrode/electrolyte interface.

O+ne —»R Eqg. 3.3

where n is the number of transferred electrons, O is the oxidant, and R is the reductant. The

rate in which the reactants are consumed and products are generated is dependent on the rate
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of charge transfer [25, 26]. The transfer of charges after the application of a small sinusoidal
signal result in an impedance response basically consisting of resistance, capacitance, and
inductance. The impedance responses of a system are most commonly presented in Nyquist
plots: a plot of the imaginary component against the real component of the impedance response
as shown in Figure 3.6.2. An equivalent electrical circuit such as the commonly use Randles
model given in the inset of Figure 3.6.2 can be used to represent the physical processes
occurring on the electrochemical system. The semicircles in a Nyquist plot symbolize the
charge transfer processes occurring at the electrode material been measured. The diameter of
the semicircles is equivalent to the charge transfer resistance at the solid/liquid interface,
denoted by R in the Randles circuit. A decrease in Rct indicates an acceleration of charge
transfer and migration across the solid/liquid interface. Also, the broadness of the semicircles
is related to the capacitance response of the material been studied. Moreover, the intersection
of the semicircle with the x-axis is numerically equivalent to the total series resistance (Rs)

experience by the measured electrode in the electrochemical system. [27, 28].
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Figure 3.6.2 A simple Nyquist plot with an inset showing the Randles equivalent circuit
model.

3.6.3. Mott-Schottky (MS)

MS is typically used to obtain the flat-band potential (V1) and charge carrier densities of the

photoelectrode/electrolyte Schottky barriers. Also, the band edge positions, diffusion lengths
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and charge carrier lifetimes may be determined using MS analysis [29, 30]. When a
photoelectrode and an electrolyte come into contact, the fermi level of the photoelectrode is
either higher or lower than that of the electrolyte depending on the p-type/n-type conductivity
of the photoelectrode, and through transfer of charges, equilibrium between the two can be
obtained. This produces a charge on the photoelectrode which counterbalances the charge of
the electrolyte. For a p-type photoelectrode, a negative charge is produced because the charge
carrier density is much higher than that of the solution, resulting in a negative slope as given
in the MS plot of Figure 3.6.3 (a). A positive charge is produced for an n-type photoelectrode,
since the charge carrier densities of the photoanode are lower than those in solution which

results in a positive slope as given in the MS plot of Figure 3.6.3 (b) [5, 30].

By applying bias through a potentiostat, the fermi levels of the semiconductor material are
altered, changing the space charge region and eventually changing the level of band bending,
until it reaches its flat-band potential where there is no longer any bending of bands or depletion
of charges. Flat-band potentials and charge carrier concentrations can be determined for a
photocathode and photoanodes using the MS Eq. 3.4 and Eqg. 3.5 respectively:

1 _ —2 _ kT Eqg. 3.4
€2 eggeA2Ny (V VFB T e) f
1 2 kT Eqg. 3.5
7= o V= Vi =) |

where C is the capacitance of the space-charge layer, € is the dielectric constant of the material,
& is the vacuum permittivity with a numerical value of 8.85 x 10'* F/cm and e is the electronic
charge with a value of 1.602 x 107" C, A is the surface area of the electrode, Na is the acceptor
density, Np is the donor density, V represent the applied voltage, Ves is the flat-band potential,
K is the Boltzmann constant, and T stands for the temperature [5, 29]. charge carrier densities
can be obtained from the slope of linear portions of the MS plots, whereas the flat-band
potentials are determined from the intercept of the fitted straight line on the potential-axis at

1/C? = 0, in line with Eq. 3.4 and Eq. 3.5 for p- and n-type materials respectively [31].
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Figure 3.6.3 MS plots of (a) p-type and (b) n-type semiconductor material.

3.6.4. Chronoamperometry

Chronoamperometry a method commonly used to analyse the photo-stability of
photoelectrodes and the redox reactions occurring at the photoelectrode/electrolyte interface at
constant a potential, yielding current density as a function of time [5, 32]. Through the
application of external bias to a photoelectrode in a PEC cell, the transfer and migration of
charges occur across the photoelectrode/electrolyte interface, generating photo-current. When
the measurements are performed under dark and illumination conditions, the resulting photo-
current response over time are used to determine the photo-stability of the material in
electrolyte. Therefore, chronoamperometry measurements depict the stability of the
photoelectrode overtime, and they are recorded in current density vs time plots, at constant
potentials [32].
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Chapter 4

4.0 Results and discussion

4.1. Introduction

In this section, results obtained from the enhancement of photo-current response and photo-
stability in electrolyte of pristine dip-coated CuO thin films are discussed. The films were
prepared at different withdrawal rates, film thicknesses, and annealing temperatures to optimize
the processing parameters for preparing the films for improvement of their
photoelectrochemical (PEC) response. The structural, morphological, optical, and PEC
properties of the pristine CuO films are presented. Pristine CuO thin films were coated with a
protective layer of Activated Charcoal (AC) using spray pyrolysis; and Silver (Ag) and Gold
(Au) nanoparticles (NPs) via drop casting to improve their photo-stability in the electrolyte.
The structural, morphological, and optical properties of the modified CuO films are also
presented. Furthermore, the photo-current response and photo-stability observed for the
pristine CuO, CuO/AC, CuO/Ag, and CuO/Au thin films are discussed in detail.

4.2. Optimization of processing parameters of dip-coated copper (I1) oxide

films for photoelectrochemical water-splitting

In this section, the results obtained from the optimization of withdrawal rates, film thickness,
and annealing temperature for dip coated CuO photocathodes are presented and discussed. The
influence of the processing parameters on the structural, optical and PEC properties of the CuO

films is explained. The photo-stability of pristine CuO films are also discussed.

4.2.1 Structural properties

The structural properties of CuO thin films were characterized using XRD within a 2 theta
range of 20 and 70° and the results are shown in Figure 4.2.1 (a), (b) and (c) for samples
prepared at different withdrawal rates, with different thicknesses and annealed at various

temperatures respectively. Diffraction peaks at (111) and (111) planes were observed on the
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XRD patterns confirming the monoclinic crystal structure of the prepared CuO films with
lattice parameters a = 4.64 A, b =3.4 A, ¢ =5.09 A, B = 99.5° according to JCPDS no. 05—
0661 [1, 2]. Other weak reflections were also observed at (020) and (113) corresponding to
those of CuO films. No obvious peak shift or Bragg reflections for copper (Cu) or copper (I)
oxide (Cu20) were observed, confirming the high purity of the CuO films prepared. It was
observed that the intensity of the diffraction peaks increases with increasing withdrawal speed
(Figure 4.2.1 (a)). This is due to the increased thickness of the films with increasing withdrawal
speed [3]. Films with different numbers of deposited layers also showed an increase in the
intensity of the diffraction peaks because of increasing film thickness [4]. Films consisting of
seven layers which were annealed at different temperatures also show enhancement in their
diffraction peak intensities with increasing annealing temperature. This is attributed to

improvement in the crystallinity of the thin films with increasing calcination temperature [2,

5].
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Figure 4.2.1 XRD patterns of CuO thin films (a) withdrawn from the precursor at different
withdrawal speeds, (b) consisting of different number of film layers, and (c) annealed at various

temperatures.
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The peaks at (111) were used to obtain the full width at half maximum (FWHM) and crystal
size values of the prepared CuO films. This was done to understand the impact of withdrawal
speed, film thickness, and annealing temperature on the crystallization of the films. The
approximate crystal sizes (D) of the samples were calculated using the Debye-Scherrer formula
given in Eqg. 4.2.1 [1].

2 Eq. 4.2.1
BcosH

where k is the shape factor (0.9), 4 is the wavelength of incident X-ray (4 = 0.15418 nm for Cu-
Ka radiation), 8 is the FWHM and @ is the Bragg angle [6].

The FWHM and crystal size values of the CuO films prepared at different withdrawal rates,
consisting of films with different numbers of film layers and annealed at various temperatures
are given in Table 4.2.1. For films prepared using different withdrawal speeds, the films
withdrawn at 150 mm/min and 50 mm/min were observed to have the highest and least crystal
sizes of 19.4 and 8.5 nm respectively. An increase in the crystal size values of thin films is an
indication of improved crystallization. The withdrawal speed of 150 mm/min was used to
prepare CuO films of different number of deposited layers for the optimization of film
thickness due to the high crystallinity observed for the films. This was because of the crucial
role that high film crystallization has on PEC water-splitting as it promotes efficient charge
migration and separation [7]. Increased crystal sizes influence the level of band-bending during
photocatalysis, preventing charge recombination, and consequentially enhancing the photo-
current response of the films [8]. There is no significant difference in the crystal sizes of films
consisting of different layers since they were all annealed at the same temperature of 600°C.
Lastly, the crystal sizes of the films increase with annealing temperature. The film annealed at
650 °C shows the highest crystallite size value of 21.01 nm. This was due to the increase in
thermal energy by the particles with annealing temperature which promotes migration of atoms
during crystal formation, leading to larger crystallites [5]. Larger crystal sizes resulting from
increasing annealing temperature can positively influence charge separation and transportation

during PEC water-splitting as earlier explained [5].
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Table 4.2.1 XRD analysis showing FWHM and crystal sizes of CuO thin films withdrawn
from the precursor at different speeds, consisting of different number of film layers, and
annealed at various temperatures.

Processing parameters | Sample 2 theta | FWHM | Crystal size (nm)
Withdrawal speed 50 mm/min 35.66 0.89 8.50

100 mm/min 35.62 0.63 12.01

150 mm/min 35.68 0.39 19.40

200 mm/min 3580 |[041 18.45

Film thickness

(150 mm/min) 5 Layers 35.68 0.39 19.04
7 Layers 36.08 0.38 19.89
10 Layers 35.76 | 0.37 20.44

Annealing temperature | 400°C 35.89 0.76 9.96

(7 Layers) 500°C 35.93 0.49 15.43
600°C 36.08 |0.38 19.89
650°C 35.84 |0.36 21.01

The Raman spectra of the CuO films were obtained to study the vibration of phonon modes of
the films to extract more structural information. The spectra are shown in Figure 4.2.2 (a), (b)
and (c) for samples prepared at different withdrawal rates, consisting of different film layers
and annealed at various temperatures respectively. The Raman spectra for the CuO films
revealed 1Aq and 2By Raman active phonon modes for the films. The peak at 302 cm™ is
indexed to the Ag mode and the ones at 250 and 638 cm™! are assigned to the 2By modes,
respectively. The phonon modes belonging to Cu, Cu20, or other forms of copper oxide were
not detected, confirming the high quality of the prepared CuO films. Raman peaks intensities
of CuO thin films increase with increasing withdrawal speed from 50-150 mm/min. The film
withdrawn at 200 mm/min did not show much change in its Raman intensity compared to those
prepared at 150 mm/min because there was no significant difference in their crystallinity (Table
4.2.1). The Raman peaks of CuO films consisting of 5-10 layers did not show any significant
difference in their intensities. This was because the films had similar crystallinity as observed
in their XRD analysis (Table 4.2.1). Figure 4.2.2 (c) reveals broadened Raman peaks for the
films prepared at low annealing temperatures of 400-500 °C caused by the quantum

confinement effect of the CuO nanoparticles [9].
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Figure 4.2.2 Raman spectra of CuO thin films (a) withdrawn from the precursor at different
speeds (b) consisting of different number of film layers, and (c) annealed at different
temperatures.

The high Raman intensities exhibited by films prepared at 150 and 200 mm/min, which has
been associated to improvement in their crystal sizes [10], can lead to enhance charge
separation and migration during PEC water-splitting. Similarly, films annealed at elevated
temperatures of 600-650 °C revealed sharp and narrowed Raman peaks compared to the ones
sintered at 400-500 °C which is also attributed to improvement in their crystallinity [11]. The
broadened Raman peaks observed for the films prepared at 400-500 °C has been associated to
the quantum confinement effect resulting from smaller CuO crystals. In view of these, CuO
films annealed at 600-650 °C are expected to yield better PEC response compared to the ones
treated at lower temperatures because of their improved crystallinity, in line with other
observations in literature [5, 12].
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4.2.2 Surface morphology and film thickness

The pristine CuO films were characterized using FE-SEM to understand the impact of sample
processing parameters on the surface morphology of the Films. The morphology of all thin
films revealed spherical nanoparticles which are homogeneously distributed throughout the
substrates. Figure 4.2.3 (a), (b), (c), and (d) presents the surface morphology of CuO films
prepared at 50, 100, 150, and 200 mm/min respectively. The average grain sizes for the thin
films withdrawn at the speeds of 50, 100, 150, and 200 mm/min were estimated as 19.60, 20.49,
25.13, and 25.82 nm with the standard deviation of 6.76, 10.16, 9.52, and 8.89 nm respectively.
A slight increase in the porosity of films prepared at speeds of 150 mm/min and above was
observed. According to Brinker et. al, 1991 an increase in the withdrawal speed results in an
enhancement of the film’s thickness, and thicker films take time to dry, leading to the stiffening

of the films, consequently increasing porosity [3].
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Figure 4.2.3 SEM micrographs of CuO thin films prepared at withdrawal speeds of (a) 50
mm/min (b) 100 mm/min (c) 150 mm/min (d) 200 mm/min: the corresponding histograms of
the particle size distribution of the films are presented their insets.
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The surface morphology of CuO films consisting of 5, 7, and 10 layers, prepared at 150
mm/min are given in Figure 4.2.4 (a), (b) and (c) respectively. There is no significant difference
in the morphologies and grain sizes of the films. This is contradictory compared to some
morphology studies of CuO films reported in literature where the surface properties of the films
vary in relation to film thickness [4, 13, 14]. This contradiction was because the annealing
temperature of the films at 600 °C was done after each of the dip-coated layers were treated at
120 °C and 300 °C respectively, which was sufficient to initiate significant film crystallization
[15]. The average grain size of the films which were deposited with 5, 7, and 10 layers were
estimated as 25.13, 26.37, and 24.92 nm with a standard deviation of 9.52, 9.19, and 3.03 nm,
respectively. No substantial change was observed in the grain sizes of the films. Shariffudin et.
al, 2015 reported increasing grain sizes for CuO films at higher film thicknesses, whereas at
lower film thicknesses, the grain sizes did not differ much [13].
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Figure 4.2.4 SEM micrographs of thin films deposited with (a) 5 Layers (b) 7 Layers and (c)
10 Layers of CuO together with the corresponding histograms of their particle size distribution.

The surface morphology of CuO films annealed at different temperatures are also given in
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Figure 4.2.5 (a), (b), (c) and (d), the samples were annealed at 400, 500, 600, and 650°C
respectively. An increase in the grain size of the films was observed with increasing annealing
temperatures. Figure 4.2.5 (d) shows a significant difference in the morphology of the film
annealed at 650 °C compared to the ones treated at 400, 500, and 600 °C. The surface appears
to be compact, smooth, and extremely agglomerated. Furthermore, the nanoparticles seem to
have coalesced into larger nanostructures which may be due to a large amount of tension over
the surface of the films caused by the high annealing temperature [16]. The average grain size
of the films annealed at 400, 500, and 600°C was estimated as 12.85, 19.92, and 26.37 nm with
the standard deviation of 3.85, 5.67, and 9.91 nm, respectively. The average grain size of the
nanoparticles of the thin films annealed at 650 °C could not be estimated due to extreme
agglomeration and grain boundaries that are not well defined. High particle agglomeration has
been reported to limit charge transport and PEC response of photoelectrodes during water-
splitting [17, 18].
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Figure 4.2.5 FE-SEM micrographs of CuO thin films prepared at withdrawal speeds of (a) 50
mm/min (b) 100 mm/min (c) 150 mm/min (d) 200 mm/min: the corresponding histograms of
the particle size distribution of the films are presented in their insets.
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The FE-SEM cross-sectional views of CuO thin films consisting of 5 layers and prepared at
50, 100, 150, and 200 mm/min withdrawal rates were obtained to estimate their thicknesses
and are presented in Figure 4.2.6 (a), (b), (c) and (d) respectively. The average thicknesses of
the films were estimated using ImageJ software to be 239.7, 277.3, 317.4, and 355.2 nm for
samples prepared at 50, 100, 150, and 200 mm/min withdrawal rates respectively. The film
thickness increases with increasing withdrawal rates. It is a result of the dragging caused by
the viscosity of the precursor solution on the moving substrate at higher withdrawal speeds
when using the dip-coating approach [19, 20]. The increase in thickness with increasing
withdrawal rates also corresponds with the improvement in crystal sizes observed in the XRD
analysis (Table 4.2.1). According to Aydemir, 2015 increasing film thickness is directly
proportional to the withdrawal speed of the films. In succession, increasing film thickness
increases the crystallite size [20]. Similarly, Akaltun, 2015 and Saad et.al, 2020 reported

increasing film thickness which correspond to the crystalline sizes of the films [2, 4].

239.7 nm j 277.3 nm

Figure 4.2.6 FE-SEM cross-sectional views of CuO thin films prepared using withdrawal
speeds of (a) 50 mm/min (b) 100 mm/min (c) 150 mm/min (d) 200 mm/min.
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The FE-SEM cross-sectional views of the CuO thin films prepared at 150 mm/min withdrawal
speed, consisting of 5, 7, and 10 layers are presented in Figure 4.2.7 (a), (b) and (c). The
thickness of the CuO films was estimated to be 317.4, 432.8, and 693.6 nm for films consisting
of 5, 7, and 10 layers respectively. As expected, the thickness of the films increases with the
increasing number of film layers. The cross-sectional views of CuO thin films consisting of 7
layers and annealed at 400, 500, and 650 °C were not characterized since annealing temperature
was not expected to have a significant influence on the film's thickness. This was because each
layer of the films was treated at 120 and 300 °C prior to annealing. In addition, Akgul et. al,
2014 previously reported uniform thicknesses for CuO thin films which were annealed at
different temperatures [5]. An optimal film thickness is important for enhancing the PEC

performance of CuO photocathodes because of the short diffusion length of 200 nm [15].

317.4 nm

Figure 4.2.7 FE-SEM cross-sectional view of thin films deposited with (a) 5 (b) 7 and (c) 10
Layers of CuO.

4.2.3. Elemental composition
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The elemental compositions of the CuO films were confirmed using Energy Dispersive X-ray
Spectroscopy (EDS) to verify the presence of possible impurities in the films. Figure 4.2.8 (a),
(b), (c), and (d) shows the results of the EDS analysis done on CuO samples prepared at
withdrawal rates of 50, 100, 150, and 200 mm/min respectively. The analysis confirms the
presence of oxygen (O) and copper (Cu) as expected since they were the constituent elements
of CuO. Also, tin (Sn) and a small amount of silicon (Si) were detected in the EDS analysis of
all the films. The Sn observed in the films resulted from the SnO content of FTO substrates
used for the film's deposition, while the Si detected was because of the quarts content of glass
in the glass/FTO substrates [1]. The EDS analysis done on CuO films prepared at 150 mm/min,
consisting of 5, 7, 9 layers and annealed at 600°C are shown in Figure 4.2.9 (a), (b) and (c)
while those annealed at 400, 500, 600 and 650°C are presented in Figure 4.2.10 (a), (b), (c) and
(d), respectively. The results revealed the same elemental compositions as observed in Figure

4.2.8 for films prepared at different withdrawal rates.

Figure 4.2.8 EDS analysis of CuO thin films withdrawn from the precursor at the speeds of
(@) 50 mm/min (b) 100 mm/min (c) 150 mm/min (d) 200 mm/min.
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Figure 4.2.9 EDS analysis of the CuO thin films deposited to consist of (a) 5 Layers (b) 7
Layers and (c) 10 Layers.
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Figure 4.2.10 EDS analysis of CuO thin films annealed at different temperatures of (a)
400°C (b) 500°C (c) 600°C and (d) 650°C.
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4.2.4 Optical properties

UV-Vis spectroscopy was done to investigate the optical absorption, transmittance, and indirect
bandgap of the CuO thin films. Figure 4.2.11 (a), (b), and (c) show the optical absorption of
CuO thin films prepared at several withdrawal rates, consisting of different film layers and
annealed at various temperatures respectively. The CuO thin films largely absorb in the visible
region, with a slight absorption in the near-infrared region. The absorption of the CuO films
increases with increasing withdrawal speed (Figure 4.2.11 (a)) and the number of film layers
(Figure 4.2.11 (b)). This is due to the increase in film thickness with increasing withdrawal rate
and number of layers [21]. Also, improved absorption was observed for the films with
increasing annealing temperature (Figure 4.2.11 (c)). Enhanced photo-absorbance in the visible
region will lead to the increased production of electron-hole pairs, which have the potential to
separate and migrate to the surface of the semiconductor for hydrogen production. The insets
of Figure 4.2.11 (a), (b), and (c) present the transmittance of the samples prepared at several
withdrawal rates, consisting of different film layers, and annealed at various temperatures
respectively. The transmittance behaviours of the CuO films are in good agreement with their

absorption patterns as expected.
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Figure 4.2.11 UV-Vis absorption spectra of CuO thin films (a) withdrawn from the precursor
at different speeds (b) consisting of different number of film layers, and (c) annealed at
different temperatures, with the insets showing their transmittance measurements.
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The Tauc plots for the indirect transitions of CuO thin films prepared at different withdrawal
speeds, deposited with the different number of film layers, and annealed at different
temperatures are presented in Figure 4.2.12 (a), (b), and (c) respectively. The plots were derived
from the absorption spectra of the films and were used to approximate the values of their optical
bandgaps using the Tauc relation given in Eq. 4.2.2 [22]:

ahv = A(hv — Eg)n Eq. 4.2.2

where o is the absorption coefficient, A is a characteristic parameter that is independent of
photon energy, 4v is the photon energy, Eg is the optical bandgap, and n = % and 2 for the

direct indirect transitions respectively [5, 21]. Straight lines were extrapolated from the Tauc
plots, and their intercepts on the hv-axis at (ahv)*? = 0 were recorded as the approximate
indirect bandgap of the films [23]. The indirect bandgaps for the films were estimated to be
1.34 £+ 0.04 eV for all films. [5, 21]. The estimated bandgap of the films is low compared to
the values reported for the films in some literature [2, 4]. Low bandgaps are associated with
the wide range of photo-absorbance in the visible region which can positively influence the

generation and separation of electron-hole pairs for photocatalytic reactions [24, 25].
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Figure 4.2.12 Tauc approximation for the indirect bandgaps of CuO thin films (a) withdrawn
from the precursor at different speeds, (b) consisting of different number of film layers, and (c)
annealed at different temperatures.

4.2.5 Photoelectrochemical properties

LSV measurements were done to obtain the photo-current response of the CuO films. Figure
4.2.13 (a), (b), and (c) show the LSV results for measurements done on the CuO photocathodes
under dark and illumination conditions for samples prepared at several withdrawal rates,
consisting of different film layers and annealed at various temperatures respectively. For
samples prepared at varying withdrawal rates, the photo-current increases with increasing
withdrawal rate with values of 1.6 and 2.0 mA/cm? at 0.35 V vs RHE obtained for the film
prepared at 150 and 200 mm/min respectively. The high photo-current values obtained are
attributed to the enhancement of the crystallinity of the films and photo-absorption, resulting
from their relatively increased film thickness. [26]. The enhanced grain size helped to promote

the photo-current response of films by decreasing the grain boundaries which often function as
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charge recombination sites on the surface of the films [27-29]. Furthermore, after the
optimization of the film thickness and annealing temperature, the maximum photo-current
density of 2.9 mA/cm? at 0.35 V vs RHE was observed for films consisting of 7 layers and
annealed at 600 °C. The optimized film thickness of about 432.8 nm obtained for films with 7
layers contributed to the maximal photo-current density obtained. This was evident as a further
increase in the number of film layers to 10, lead to a decline in photo-current (Figure 4.2.13
(b)). Also, increasing annealing temperatures improve the grain size and crystallinity of the
films, enhancing photo-current response, until it reaches its maximum for films annealed at
600°C. Above this annealing temperature, the photo-current density declined to generate a
photo-current density of 1.3 mA/cm2 at 0.35 V vs RHE for films calcined at 650°C [29-31]. In
brief, the maximum photo-current density obtained for the CuO films is attributed to the
optimized film thickness, optical absorption, and crystallinity of the films which promotes the
photogeneration of electron-hole pairs and charge transport during photocatalysis. An
extremely low photo-current was observed for the films annealed at 400°C. This has been
ascribed to the poor crystallinity of the films which limit its charge mobility and the movement

of electrons to the film’s surface.
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Figure 4.2.13 Photo-current density for CuO photocathodes: (a) withdrawn from the precursor
at different speeds, (b) consisting of different number of film layers, and (c) annealed at
different temperatures.

Electrochemical Impedance Spectroscopy (EIS) measurements were performed on CuO
photocathodes to analyse charge transfer processes occurring at the semiconductor/electrolyte
interface. Figure 4.2.14 (a), (b), (c) shows the Nyquist plots of the EIS experimental and fitted
data for samples prepared at different withdrawal rates, consisting of different film layers, and
annealed at various temperatures respectively. The circuit model used to fit the EIS
experimental data obtained for the films is given in Figure 4.2.14 (d). Rs represents the total
series resistance caused by the FTO, electrolyte, and connecting wires and its value is
equivalent to the intersection of the semi-circle with the real part of impendence [1, 32],
whereas the Constant Phase Element (CPE) denotes the capacitance of the electric double-layer

[33]. Rct refers to the charge transfer resistance across the solid/liquid interface for hydrogen
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evolution reaction, and it is represented by the semi-circle diameters of the Nyquist plot. The

smaller the semi-circle, the lower the charge transfer resistance [32, 34].
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Figure 4.2.14 EIS of CuO photocathodes (a) withdrawn at different withdrawal speeds (b)
consisting of different number of film layers, and (c) annealed at different temperature.

Upon fitting the modelled circuit to the raw EIS measurements, estimated values were obtained
for the different elements and given in Table 4.2.2. The results show the least charge transfer
resistance and an elevated value of double-layer capacitance for the films prepared at the
withdrawal speed of 150 mm/min, deposited with 7 layers, and annealed at 600 °C. These will
ease the movement of electrons at the solid/liquid interface for hydrogen evolution which
justifies the relatively large photo-current density obtained for the films. The largest resistance
to charge transfer was recorded by films annealed at 400 °C, leading to the small photo-current
exhibited by the films (Figure 4.2.13). Generally, the reduction of R values largely
corresponds with an increase in the photo-current response achieved in the LSV results which

are like other reported observations [1, 34, 35].
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Table 4.2.2 The values obtained for the different elements after fitting the EIS data to the
circuit model using ZView software.

Processing parameter Sample Rs (Q) Rct kQ CPE (uF)
50 mm/min | 8.39 4.42 354
100 mm/min | 9.16 3.74 40.4
Withdrawal rates
150 mm/min | 9.25 3.38 70.1
200 mm/min | 9.02 2.89 36.1
5L 9.25 3.38 70.1
Film layers
_ 7L 9.71 2.79 89.3
(150 mm/min)
10L 9.68 3.45 79.3
400°C 10.84 7.21 0.5
Annealing temperature | 500°C 10.00 6.20 38.6
(7 Layers) 600°C 9.71 2.79 89.3
650°C 10.33 5.76 0.5

The stability of the pristine CuO thin film consisting of 7 layers and annealed at 600 °C, which
yielded the highest photo-current density was studied using chronoamperometry measurements
at -0.4 V vs Ag/AgCl (i.e., 0.6 V vs RHE) for a time scan of 500 s in the presence of a1 M
NaOH electrolyte. Figure 4.2.15 shows that the CuO films lost about 23.8 and 71.64 % of their
photo-current density after 100 and 500 s respectively. This was due to the photo-corrosion
caused by the self-reduction of CuO by photoexcited electrons because of the position of the
thermodynamic reduction potential which is below that of water [36-38]. This means that some
of the photo-current observed for the CuO films (Figure 4.2.13) was not entirely due to the
reduction of H* to hydrogen and the Faraday efficiencies of the photocatalytic reactions are
expected to be way below 100%. For instance, Cots et al., 2018 achieved Faraday efficiency
of 45% for CuO films during photocatalysis because of their poor photo-stability [39]. Photo-
corrosion is a limiting factor for the effective use of CuO as photocathodes for water reduction
[36, 40]. This could be improved through doping of metal/non-metal ions [41], hetero coupling
[1], defect engineering [42], as well as the incorporation of passivation layers [43], plasmonic
metals [44], co-catalysts [45], nanoparticles [46] and quantum dots [47] on the surface of the

films, respectively.
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Figure 4.2.15 Photo-stability measurements performed at 0.6 vs RHE on the CuO thin films
prepared at the withdrawal rate of 150 mm/min, deposited with 7 layers, and annealed at 600
°C.

4.3. CuO thin films decorated with protective layers of Activated Charcoal
(AC) for PEC water-splitting

Here, the results obtained from the morphological, structural, optical and PEC studies of the
pristine CuO films and the ones modified with 1, 3, and 5 layers of AC are discussed in detail.
The protective layers of AC were deposited on CuO to help improve its photo-stability in
electrolyte. These results are presented in sections 4.3.1 to 4.3.5.

4.3.1 Structural properties

The structural properties of CuO thin films consisting of 1, 3, 5 layers of AC were investigated
using X-ray diffraction (XRD) spectroscopy within a 2 theta range of 20 - 80°, the results are
shown in Figure 4.3.1. The XRD patterns show diffraction peaks at (111) and (111) planes,
confirming the monoclinic crystal structure of the CuO films with lattice parameters a = 4.64
A, b=34A ¢c=5.09A, B=99.5° according to JCPDS no. 05-0661 [1, 2]. Other weak
reflections corresponding to CuO are also observed at (020) and (113). No peak shifts or Bragg
reflections for secondary phases of copper oxide are indicated. Also, diffraction peaks

corresponding to AC are not visible on the XRD plots due to the low intensity of the peaks
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compared to those of CuO and FTO. Similar observations in which peaks of carbon were
detected on the XRD patterns of CuO/carbon films have been reported [48, 49]. The intensity
of diffraction peaks at (111) and (111) planes for the films consisting of 5 layers of AC
significantly decreased due to the high concentration of carbon which has a more amorphous

structure compared to CuO [50].

= Pristine CuQ
m— CuQ/AC-1L
= CuOQ/AC-3L

m— CuO/AC-5L
* FTO*

*

(020)
(113)

Intensity (a. u)

20 30 40 50 60 70 80
2 Theta (degrees)

Figure 4.3.1 XRD patterns of pristine CuO, CuO/AC-1L, CuO/AC-3L and CuO/AC-5L thin
films.

To further study the influence of AC on the crystallinity of CuO, the peaks at (111) plane were
engaged to obtain the approximate crystal sizes of the prepared CuO/AC films using the Debye-
Scherrer method. The average crystal sizes are presented in Table 4.3.1. The CuO/AC
composite material which consist of 5 layers of AC was observed to greatly reduced the
crystallinity of the CuO films due to high loading of carbon materials on the CuO films surface.
The CuO/AC films which consist of 1 and 3 layers of AC did not show significant influence

on the crystal sizes of the CuO films.
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Table 4.3.1 XRD analysis showing FWHM and crystal size of pristine CuO and CuO thin
films coated with 1, 3, 5 layers of AC.

Sample 2 theta FWHM Crystal size (nm)
Pristine CuO 36.08 0.38 19.89
1 Layer CuO/AC 35.71 0.36 21.02
3 Layers CuO/AC 35.7 0.35 21.62
5 Layers CuO/AC 35.68 0.6 12.61

Structural properties of CuO thin films consisting of 1, 3, 5 layers of AC were further
investigated to confirm the presence of CuO and AC using Raman spectroscopy. The Raman
spectrum of all the films (Figure 4.3.2) show an Ay phonon mode at 302 cm™!, two B4 modes
at 250 and 638 cm™!, as well as a 2Bq mode at 1130 cm™! which are ascribed to CuO. The 2By
mode is reported to be a stretching vibration in the x?-y? plane caused by the variation of
electronic density between the two planes in the CuO structure [1, 10]. The CuO film with 5
layers AC shows two other prominent D and G modes at 1368 cm™ and 1592 cm™ which belong
to AC. Also, the intensity of the modes ascribed to CuO have drastically decreased due to the
drop in the crystallinity of the films resulting from the high amount of AC deposited on the
surface of CuO films [48]. The Raman spectra of CuO/AC-1L and CuO/AC-3L films did not
reveal the D and G modes due to the low concentration of carbon on the films which may be

below the detection limit of the Raman equipment used for the measurements.
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Figure 4.3.2 Raman spectra of pristine CuO and CuO/AC thin films deposited with 1, 3, 5
layers of AC.

4.3.2 Surface morphology and film thickness

The surface morphology of CuO thin films consisting of 1, 3, 5 Layers of AC were
characterized using FE-SEM, as shown in Figure 4.3.3 (a), (b), and (c). Morphology of the
CuO/AC-1L thin film revealed homogeneously distributed CuO spherical nanoparticles
throughout the substrate. The AC on the CuO was not clearly distinguishable owing to the
small amount of the deposited charcoal on the films surface. The CuO/AC-3L films shows
some slight deposits of AC on the CuO film’s surface. whereas the CuO/AC-5L samples
disclosed significant deposits of AC on the CuO film’s surface. A significant loading of the
AC on the CuO is necessary to serve as a protective layer to the CuO films during PEC water-

splitting.

(2)

Figure 4.3.3 FE-SEM images of (a) CuO/AC-1L (b) CuO/AC-3L (c) CuO/AC-5L thin films.
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The FE-SEM was further used to study the cross-sectional views of CuO films loaded with
AC. Cross-sectional views of the films coated with 1, 3, 5 layers of AC are presented in Figure
4.3.4 (a), (b) and (c) respectively. Morphology of CuO/AC-1L did not exhibit any layer of AC
due to the small deposition of the charcoal; hence, it’s film thickness could not be estimated.
However, the average film thickness for CuO/AC-3L and CuO/AC-5L was estimated to be
13.28 and 25.02 nm respectively.

= =4 AC: 13.28 nm

200 nm

Figure 4.3.4 FE-SEM cross-sectional images of (a) CuO/AC-1L (b) CuO/AC-3L (c) CuO/AC-
5L thin films.

4.3.3 Elemental composition

Energy Dispersive X-ray Spectroscopy (EDS) was used to verify the absence of impurities and
to confirm the elemental composition of the films. The EDS analysis of CuO/AC-1L, CuO/AC-
3L, and CuO/AC-5L are given in Figure 4.3.5 (a), (b) and (c) respectively. The presence of
oxygen (O) and copper (Cu) was confirmed for all the films since they are the constituent
elements of CuO. Carbon (C) was also confirmed for CuO thin films consisting of 1, 3, 5 layers

of AC, since AC is a less dense and microcrystalline form of carbon [51].
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Figure 4.3.5 EDS spectrum of (a) CuO/AC-1L (b) CuO/AC-3L (c) CuO/AC-5L thin films,
respectively.

4.3.4 Optical properties

UV-Vis spectroscopy was done to investigate the optical absorption and transmittance of the
thin films. The obtained absorption was further utilized to determine the indirect bandgap of
the films. Figure 4.3.6 shows the optical absorption of the pristine CuO films, and the ones
modified with 1, 3, and 5 layers of AC. All films show photo-absorption in the visible region,
with a slight absorption in the near-infrared region. CuO/AC-1L and CuO/AC-3L films exhibit
similar photoabsorbance compared to pristine CuO, thus there is no improvement in the
photoabsorbance of those films, this might be due to the small and moderate amount of AC
decorated on CuO/AC-1L and CuO/AC-3L films, respectively. The film coated with 5 layers
of AC showed the least photoabsorbance and its wavelength is observed to have narrowed to
shorter wavelengths, these may indicate the presence of surface defects resulting from the large
amount of AC coated on the CuO film. The enhanced light absorption observed for CuO/AC-
1L and CuO/AC-3L over CuO/AC-5L films can help in promoting their photo-current response
during water-splitting as earlier explained in section 4.2.4. The optical transmittance of the
films is presented in the inset of Figure 4.3.6. All films are observed to be transmitting light in

80



the near-infrared region of the electromagnetic region of the spectrum. The transmittance of

films coated with AC are observed to be in line with their photo-absorbance behaviour in the

visible region.
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Figure 4.3.6 UV-Vis spectra of Pristine and CuO thin films coated with 1, 3, 5 layers of AC.

The Tauc plots for the indirect transitions of the pristine CuO thin films and the ones coated
with 1, 3, 5 layers of AC are presented in Figure 4.3.7. The plots were used to approximate the
optical bandgap (Eg) values using the Tauc relation given in Eq. 4.2.2. The indirect bandgap
was estimated to be 1.25+0.04 eV for all AC-incorporated CuO films, whereas for pristine CuO

it was estimated to be approximately 1.34 eV (section 4.2.4), respectively.
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Figure 4.3.7 The Tauc approximation for the indirect bandgaps of pristine CuO, CuO/AC-1L,
CuO/AC-3L and CuO/AC-5L thin films.

4.3.5 Photoelectrochemical properties

LSV measurements were performed under illumination conditions to obtain the photo-current
response of the pristine CuO and CuO/AC photocathodes coated with 1, 3, 5 layers, as shown
in Figure 4.3.8. The maximum photo-current density of 1.5 mA/cm? at 0.5 V vs RHE was
produced by the CuO/AC-1L photocathode, whereas pristine CuO produced 1.2 mA/cm? at the
same potential. The enhanced photo-current response of CuO/AC-1L is attributed to the low
coverage of AC over the film [52, 53], suggesting an improvement in the electric charge on the
surface of the film, as well as in the separation and transport of the photo-generated charges
[52, 54]. On the contrary, CuO/AC-5L produced the least photo-current response. The
overloading of AC may have resulted in the formation of defects on the surface of the CuO
films which may serve as centers for the accumulation of photo-generated electrons.[52]. This

will stimulate electron/hole recombination, preventing the generation of photo-current [50].
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Figure 4.3.8 Current density measurements done under illumination conditions for pristine and
CuO/AC photocathodes.

EIS measurements were also performed on pristine CuO and CuO photocathodes coated with
1, 3, 5 layers of AC, to analyse charge transfer processes occurring at the solid/liquid interface.
Figure 4.3.9 shows the Nyquist plot of the EIS experimental and fitted data for the prepared
photocathodes. The simple Randles circuit given in Figure 4.2.14 (d) was also used to fit the
EIS experimental data obtained for the CuO/AC films. The circuit elements Rs, Rct and CPE
also denote the same physical properties as explained in section 4.2.5. As earlier stated, Rs
represents the total series resistance caused by the FTO, electrolyte, and connecting wires. CPE
denotes the capacitance of the electric double-layer and Rct refers to the charge transfer

resistance at the solid/liquid interface.
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Figure 4.3.9 Electrochemical Impedance Spectra (EIS) of pristine CuO, CuO/AC-1L,
CuO/AC-3L and CuO/AC-5L photocathodes.

Table 4.3.2 The values obtained for the different elements after fitting the EIS data to the
circuit model using ZView software.

Sample Rs () Rct(kQ) CPE (pF)
Pristine CuO | 9.29 1.24 128.8
CuO/AC-1L 9.56 0.82 306.4
CuO/AC-3L | 8.52 0.89 150.8
CuO/AC-5L | 10.24 3.29 99.00

The values estimated for the different elements of the circuit model after fitting to the raw EIS
measurements are given in Table 4.3.2. The CuO/AC-1L photocathode exhibits the least charge
resistance (Rct) and the highest value of the double-layer capacitance (CPE). These results
correlate with the photo-current response of the photocathodes in Figure 4.3.8, where CuO/AC-
1L yielded the highest photo-current response compared to the other CuO films modified with
AC. CuO/AC-5L produced the highest Rct values for the AC modified films which resulted in
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the low photo-current density obtained for the films as seen in Figure 4.3.8. The overloading
of AC on the surface of the CuO films may have limited the movement of charge carriers to

the surface of the films resulting in the high Rct value obtained for the films.

Mott-Schottky measurements were performed to obtain the charge carrier concentration (Na)
and flat-band potentials (V1) of pristine CuO, as well as CuO/AC-1L, CuO/AC-3L and
CuO/AC-5L photocathodes respectively. The MS plots of all films are presented in Figure
4.3.10, and they exhibit a negative slope, indicating their p-type nature and validating the
cathodic photo-current response observed in Figure 4.3.8 [15]. The values for the flat-band
potentials and charge carrier concentrations were obtained from the MS relation equation
earlier given in chapter 3 (Eg. 3.4). The estimated values of Vrs and Na extracted from MS
plots are given in Table 4.3.3. The flat-band potential for the pristine CuO was estimated to be
1.049 V vs RHE, however this value shifted to 1.135 + 0.048 V vs RHE for the AC modified
films. The positive shift may be attributed to the achieved equilibrium between the fermi levels
of CuO and AC, when CuO/AC was formed. The maximum charge carrier density was
observed for the CuO/AC-1L photocathode with an approximate value of 10.28 x 10%° cm,
The increased charge concentration indicates an improvement in the conductivity of the films

and justifies the enhanced photo-current response observed in Figure 4.3.8 [15, 48].
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Figure 4.3.10 MS plots of pristine CuO films and the ones consisting of 1, 3, 5 layers of AC.

Table 4.3.3 Table showing Vs and Ng estimated from the MS plots of pristine CuO films and
the ones coated with 1, 3, and 5 layers of AC.

Sample Vi vs RHE (V) Np * 10%° (cm3)
CuO Pristine 1.049 0.9

CuO /AC-1L 1.115 10.28
CuO/AC-3L 1.137 5.31
CuO/AC-5L 1.154 0.73

Chronoamperometry measurements were performed to study the stability of CuO
photocathodes coated with 1, 3, and 5 layers of AC over-time. Figure 4.3.11 shows the photo-
current density of CuO/AC-1L, CuO/AC-3L and CuO/AC-5L photocathodes at a constant
potential of 0.6 V vs RHE, over a period of 0 - 500 s. CuO/AC-1L and CuO/AC-3L films did
not improve the stability of CuO in the electrolyte used, retaining 47.2 % and 41.5 % of their
photo-current densities after 200 s, respectively. The poor stability exhibited by the films
indicate that a large part of the photo-current observed for the films may be due to photo-
corrosion, and not entirely from hydrogen evolution reaction [39]. However, the photo-stability
of CuO/AC-5L showed a significant improvement in electrolyte, retaining 45.5 % of its photo-
current after 500 s as compared to the 28.4 % sustained by the pristine CuO samples after the
same period. Thus, the photo-stability exhibited by CuO/AC-5L at 500 s is 17.1 % larger than
the pristine photocathodes (Figure 4.2.15). Although the CuO/AC-5L films showed improved
stability, it produced the least photo-current (Figure 4.3.8), thus additional work needs to be
done to simultaneously improve both the photo-current density and photo-stability of the AC

modified films in aqueous electrolytes.
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Figure 4.3.11 Photo-stability measurements performed at 0.6 V vs RHE on the CuO/AC-1L,
CuO/AC-3L and CuO/AC-5L photocathodes.

4.4 CuO thin films modified with Ag nanoparticles for enhanced photo-
stability during PEC reactions

In this section, the results obtained from the morphological, structural, optical and PEC studies
of the pristine CuO films and the ones modified with 1, 3, and 5 layers of Ag nanoparticles
(AgNPs) are discussed in detail. The protective layers of Ag were deposited on CuO films to
improve their photo-stability in electrolyte. These results are presented in sections 4.4.1 to
4.4.5,

4.4.1 Structural properties

XRD measurements were done to analyse the structural properties of the pristine CuO thin
films, and the ones modified with consisting of 1, 3, 5 layers of Ag NPs. Figure 4.4.1 shows
XRD patterns of the films within a 2 theta range of 20 — 80°. The XRD patterns show diffraction
peaks at (111) and (111) crystallographic planes, verifying the monoclinic crystal structure of
the CuO films [1, 2]. Also, CuO thin films coated with 5 layers of Ag NPs showed diffraction
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peaks at (111), (200), (220), and (311) planes, revealing the face-centered cubic crystal
structure of the Ag, with lattice parameters a = 4.0861 A, according to JCPDS no 65-2871 [55,
56]. The Ag peak at the (111) plane cannot be clearly observed due to the overlap with the CuO
peak, also at the (111) plane. Similar observations were reported by Sang et. al, 2019 when Ag
NPs were loaded on a TiO2 photoanode for efficient solar water-splitting [57]. Also, CuO films
coated with 1 and 3 Layers of Ag NPs did not exhibit any Ag diffraction peaks owing to the
small amount of Ag NPs deposited on the films.
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Figure 4.4.1 XRD patterns of a pristine CuO and CuO/Ag thin films.

To study the influence of Ag NPs on the crystallinity of the CuO thin films, the peaks at (111)
were used to obtain the FWHM and crystal size values of the prepared films. The crystal sizes
of the thin films were also estimated using the Debye-Scherrer method. The FWHM and
estimated crystal sizes of the thin films are presented in Table 4.4.1. The average crystal sizes
are observed to have increased slightly upon the deposition of Ag NPs, indicating a small

improvement in the crystallization of CuO films.
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Table 4.4.1 XRD analysis showing FWHMSs and crystal sizes of a pristine CuO thin film and
CuO thin films coated with 1, 3, and 5 layers of Ag NPs.

Sample 2 theta FWHM Crystal size (nm)
Pristine CuO 36.08 0.38 19.89
CuO/Ag-1L 35.66 0.33 22.93
CuO/Ag-3L 35.67 0.33 22.93
CuO/Ag-5L 35.54 0.34 22.26

To further study the structural properties of the films, the Raman spectra of the CuO samples
were obtained to study the vibration of phonon modes of the films. Figure 4.4.2 shows the
Raman spectra of pristine CuO films, and the ones coated with 1, 3, 5 layers of Ag NPs. The
spectra revealed one Ay Raman active phonon mode at 302 cm™! and two By phonon modes at
250 and 638 cm™!, which are attributed to CuO [1, 11]. The spectra also show vibrational modes
ascribed to Ag at 1292, 1364, and 1544 cm ™! for the film loaded with 3 layers of Ag NPs. Also,
the film coated with 5 layers reveals an extra Ag phonon mode at 233 cm™!. Furthermore, it is
observed that the intensity of the Raman peaks ascribed to CuO drastically declined when the
film was coated with 5 layers. This was due to the Raman active sites which have been covered
by the high amount of Ag loaded onto the CuO films [58].
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Figure 4.4.2 Raman spectra of pristine CuO and CuO/Ag thin films.
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4.4.2. Surface morphology and film thickness

FE-SEM was utilized to investigate the influence of Ag NPs on the surface morphology of CuO
thin films. Morphologies of CuO/Ag-1L and CuO/Ag-3L films are given in Figure 4.4.3 (a)
and (b), respectively. The morphologies disclosed spherical CuO nanostructures which have
been largely covered with Ag NPs. Lastly, the morphology of 5 layered-CuO/Ag films given
in Figure 4.4.3 (c) shows the entire CuO films covered with AgNPs. The grain sizes of Ag NPs
could not be estimated due to the high agglomeration of on the nanoparticles on the CuO films.

Figure 4.4.3 FE-SEM images of CuO thin films coated with (a) one (b) three (c) five layers of
Ag NPs.

The FE-SEM was further used to study the cross-sectional views of the CuO films decorated
with AC on the surface. Cross-sectional views of the films coated with 1, 3, 5 layers of AC are
presented in Figure 4.4.4 (a), (b) and (c), respectively. The average film thickness of CuO/AC-
1L, CuO/AC-3L and CuO/AC-5L was estimated to be 43.00, 55.18 and 111.41 nm

respectively.
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Figure 4.4.4 Cross-sectional images of (a) CuO/Ag-1L (b) CuO/Ag-3L and (c) CuO/Ag-5L
thin films

4.4.3 Elemental composition

EDS was also used to verify the absence of impurities and to confirm the elemental composition
of the films. The EDS analysis of CuO/Ag-1L, CuO/Ag-3L and CuO/Ag-5L thin films are
given in Figure 4.4.5 (a), (b), and (c). As mentioned in section 4.2.3, The presence of oxygen
(O) and copper (Cu) was confirmed for all films, since they are constituent elements of CuO.
The analysis also verifies the presence of Ag on the CuO thin films consisting of 1, 3, 5 layers

of Ag NPs, respectively.
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Figure 4.4.5 EDS spectrum of (a) a pristine CuO, and CuO thin films coated with (b) one (c)
three (d) five layers of Ag NPs.

4.4.4 Optical properties

UV-Vis spectroscopy was done to investigate the optical absorption and transmittance of the
CuO/Ag thin films. The absorption pattern was further used to determine the indirect bandgap
of the films. Figure 4.4.6 exhibits the optical absorption and transmittance of the pristine CuO
films and the ones consisting of 1, 3, 5 layers of Au. All films exhibit photo-absorption in the
visible region, with a slight absorption in the near-infrared region. The photo-absorbance of
the CuO films was observed to increase with the addition of Ag NPs, whereas pristine films
show the least photoabsorbance. The observed enhancement was as a result of the localized
plasmonic effect on the surface of the films generated by the interaction of photons with Ag-
decorated films [59]. Furthermore, the absorption band of the films was broadened to longer
wavelengths with increasing number of Ag NPs layers. The broadening effect is attributed to
the enhancement in photo-absorption resulting from the surface plasmon resonance induced by
the addition of Ag NPs [60].
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Figure 4.4.6 UV—-Vis spectra of pristine and CuO thin films coated with 1, 3, 5 layers of Ag.

The Tauc plots for the indirect transitions of the CuO thin films coated with 1, 3, 5 layers of
Ag are presented in Figure 4.4.7. The plots were also used to approximate the optical bandgap
values of the films using the Tauc relation given in Eq. 4.2.2. The indirect bandgaps of
CuO/Ag-3L and CuO/Ag-5L films were estimated to be 0.83 £ 0.02 eV, whereas for CuO/Ag-
1L it was estimated to be 1.20 eV. Furthermore, all estimated bandgaps for CuO/Ag films are
significantly narrow with respect to the 1.34 + 0.04 estimated for the pristine films (section
4.2.4). The observed decline in the estimated bandgaps is a result of the downward and upward
shift of the conduction and valence band caused by free electrons produced by the over-loading
of Ag NPs on the surface of the CuO samples [60].
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Figure 4.4.7 The Tauc approximation for indirect bandgaps of CuO/Ag-1L, CuO/Ag-3L and
CuO/Ag-5L thin films.

4.4.5 Photoelectrochemical properties

LSV measurements were performed under dark and illumination conditions to obtain the
photo-current response of CuO photocathodes coated with 1, 3, 5 layers of Ag NPs (Figure
4.4.8) and compared them with that of the pristine films. The highest photo-current of 2.9
mA/cm? at 0.35 V vs RHE was produced by the pristine CuO. The high photo-current response
for the pristine CuO was partly due to photo-corrosion and not solely attributed to water
reduction [39]. Plasmonic nanoparticles (Ag or Au NPs) are essential for preventing photo-
corrosion of photoelectrodes in the presence of liquid electrolytes. Hence, the photo-response
of the pristine CuO dropped upon the deposition of Ag, owing to the lost in the photo-current
density which was as a result of photo-corrosion [61]. The CuO film coated with 5 layers of
Ag NPs exhibits a strong cathodic peak at 0.58 V vs RHE associated with the reduction of Ag
[62, 63]. Mikhlin et.al, 2014 reported this cathodic behaviour for large citrate-capped Ag
nanoparticles [64]. The reduction peak was largely influenced by the large amount of citrate-
capped Ag NPs deposited on the surface of the CuO film.
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Figure 4.4.8 photo-current densities pristine CuO and CuO/Ag photocathodes.

Electrochemical Impedance Spectroscopy (EIS) measurements were performed to analyse the
charge transfer processes occurring at the solid/liquid interface of the pristine CuO
photocathodes and the ones coated with 1, 3, 5 layers of Au, respectively. The Nyquist plot of
the EIS experimental and fitted data for all photocathodes are given in Figure 4.4.9. The
Randles circuit consisting of a resistor, Rs, in series with a parallel connection of CPE and Rct,
given in Figure 4.2.1 (d), was also used to fit the EIS experimental data obtained for the

CuO/Au films. The components of the Randles circuit represent the same physical processes

as explained in section 4.2.5.
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Figure 4.4.9 EIS Nyquist plots of pristine CuO, CuO/Ag-1L, CuO/Ag-3L, and CuO/Ag-5L
photocathodes.

Table 4.4.2 The values obtained for the different elements after fitting the EIS data to the
equivalent circuit model using ZView software.

Sample Rs () Rct(kQ) CPE (pnF)
CuO pristine | 9.29 1.24 128.8
CuO/Ag-1L | 8.73 0.37 743.5
CuO/Ag-3L | 6.51 0.38 601.0
CuO/Ag-5L | 8.12 0.93 860.6

Table 4.4.2 shows the values estimated for the different elements of the circuit model after
fitting it to the raw EIS measurements. The charge transfer resistance, Rct, value of CuO/Ag-
1L and CuO/Ag-3L photocathodes were similar, differing by a small value of 0.01 kQ.
CuO/Ag-1L yeilded the lowest Rct value of 0.37 kQ. The highest charge transfer resistance of
1.24 kQ was observed for the pristine CuO films despite recording the maximum photo-current
density (Figure 4.4.8). The high photo-current response obtained for the pristine films was
partly due to the photo-corrosion occurring at the surface of the photocathode, as earlier
explained. The Ag NPs deposited on the pristine CuO samples helped to ease the transfer of
electrons across the solid/liquid interface owing to the localized plasmon effect occurring when
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Ag interacts with CuO [65, 66]. Thus, all the Ag modified CuO films yielded lower Rct values

compared to the pristine film.

To obtain the charge carrier concentration (Na) and flat-band potential (V) for the CuO/Ag
photocathodes, Mott-Schottky measurements were performed on the films and the results are
presented in Figure 4.4.10. The MS plot for the pristine CuO photocathode was earlier given
in Figure 4.3.10. The approximate values of Vrg and Na were extracted from the MS plots in
line with Eq. 3.4 and are given in Table 4.4.3. The maximum flat-band potential was yielded
by pristine CuO at 1.049 V vs RHE. The values of flat-band potentials shifted to more negative
potentials in the presence of Ag NPs with CuO/Ag-3L photocathodes having the least Vs, of
0.844 V vs RHE. Furthermore, a steep negative slope was not observed for the CuO/Ag-5L
photocathode. Hence, a straight line could not be fitted to obtain the value of the flat-band
potential. The non-cathodic behaviour may be caused by the photoelectrochemical reduction
of Ag as observed in Figure 4.4.8. The flat-band potential depends on the level of band-bending
of a photoelectrode. The higher the level of bending of bands, the thicker the depletion layer,
and thus the greater the flat-band potential. This can be caused by the increased number of
species on the surface of the photoelectrode [67, 68]. The charge carrier concentration
estimated for the films produced the highest and least values of approximately 40.02 x 10° and
0.90 x 10%° cm™ for CuO/Ag-1L and pristine CuO photocathodes respectively. The increased
charge concentration and low Vi, values observed for the CuO/Ag modified films is an
indication of improvement in the transfer of charges, and reduced charge recombination at the
films surface [15, 48]
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Figure 4.4.10 MS plots of pristine CuO/Ag-1L, CuO/Ag-3L and CuO/Ag-5L photocathodes.

Table 4.4.3 Table showing Vs and Ng estimated from the MS plots of pristine CuO and CuO
photocathodes coated with 1 and 3 layers of Ag NPs.

Sample Vi vs RHE (V) Np * 10%° (cm)
CuO Pristine 1.049 0.90
CuO/Ag-1L 0.959 40.02
CuO/Ag-3L 0.844 36.01

To study the influence of Ag on the stability of CuO photocathodes, chronoamperometry
measurements were performed on CuO/Ag-1L, CuO/Ag-3L, and CuO/Ag-5L films,
respectively. Figure 4.4.11 shows the photo-current density of the films at a constant potential
of 0.5 V vs RHE for a time scan of 1200 s in a 1 M NaOH electrolyte. The CuO/Ag-1L,
CuO/Ag-3L, and CuO/Ag-5L photocathodes retained about 74.5, 60.0 and 75.9 % of their
photo-current density after 500 s respectively. This represents a significant improvement in the
photo-stability the films in electrolyte when compared to the 28.4 % of photo-current retained
by the pristine CuO photocathodes after the same duration of 500 s. The CuO/Ag-1L, CuO/Ag-
3L, and CuO/Ag-5L photocathodes further retained about 65.9, 47.3 and 74.7 % of their photo-

current density after a scan of 1200 s respectively. The improved photo-stability observed for
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the CuO/Ag films suggests that a large portion of the photo-current density observed for the

films in Figure 4.4.8 will result in the reduction of H;O.
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Figure 4.4.11 Photo-stability measurements performed at 0.5 V vs RHE on the CuO/Ag-1L,
CuO/Ag-3L and CuO/Ag-5L photocathodes.

4.5 CuO thin films modified with Au nanoparticles for improved photo-

stability in electrolyte

In this section, the results obtained from the morphological, structural, optical and PEC studies
of the pristine CuO films and the ones modified with 1, 3, and 5 layers of Au nanoparticles are
discussed. The protective layers of Au were deposited on CuO to help improve its photo-
stability in electrolyte. These results are presented in sections 4.5.1 to 4.5.5.

4.5.1 Structural properties

Structural properties of CuO thin films consisting of 1, 3, 5 layers of Au were studied using
XRD. The measurements were performed within a 2 theta range of 20 - 80° and the results are
given in Figure 4.5.1. The diffraction peaks at (111) and (111) planes were observed for all the
samples, confirming the monoclinic crystal structure of the CuO films. Furthermore, the
diffraction peaks attributed to Au at (111), (200), (220), and (311) planes emerge for CuO films
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coated with 3 and 5 layers of the Au NPs. According to JCPDS no. 01-071-3755, these planes
confirm the face-centered cubic structure of Au, with a lattice constant a = 4.077 A [69, 70].
The 1-layer CuO/Au film did not show any Au diffraction peaks due to the small amount of

Au NPs deposited on the surface.
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Figure 4.5.1 XRD patterns of a pristine CuO film, as well as CuO films coated with 1, 3, 5
layers of Au NPs.

To study the influence of Au NPs on the crystallization of the CuO thin films, the peaks at
(111) were used to obtain the full width at half maximum (FWHM) and crystal size values of
the prepared films. The FWHM and estimated crystal sizes of the thin films are presented in
Table 4.5.1. The Au NPs are observed to have no significant influence on the crystal sizes of

the CuO thin films.

Table 4.5.1 XRD analysis showing the FWHM and crystal sizes of a the pristine CuO thin
film and the ones coated with 1, 3, and 5 layers of Au NPs.

Sample 2 theta FWHM Crystal size (nm)
Pristine CuO 36.08 0.38 19.89
CuO/Au-1L 35.56 041 18.46
CuO/Au-3L 35.50 0.37 20.46
CuO/Au-5L 35.71 0.36 21.02
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Raman spectroscopy was further utilized to study the structural properties of the films by
obtaining their phonon modes vibrations. The Raman spectra of the pristine CuO films and the
ones coated with 1, 3, 5 layers of Au are given in Figure 4.5.1. The spectra revealed one Ag
Raman active phonon mode at 302 cm™! and two By phonon modes at 250 and 638 cm™! which
belong to CuO [1, 11]. Additional vibrational modes were observed at 773, 1124, 1185, 1364,
1507 and 1546 cm™! when CuO films were coated with AuNPs, further confirming the presence
of Au.
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Figure 4.5.2 Raman spectra of a pristine CuO film, as well as CuO films coated with 1, 3, 5
layers of Au NPs.

4.5.2. Surface morphology and film thickness

FE-SEM was utilized to investigate the influence of Au NPs on the surface morphology of the
CuO thin films. The surface morphology of CuO films coated with 1 and 3 layers of Au NPs
shown in Figure 4.5.3 (a) and (b) revealed spherical CuO nanostructures which have been
largely covered with densely packed Au NPs. The morphology of the CuO films covered with
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5 layers Au NPs (Figure 4.5.3 (d)) shows an extremely agglomerated and coalesced AuNPs on
the CuO film’s surface. The grain sizes of CuO/Au films could not be estimated due to the high
agglomeration of the Au NPs on CuO films.

Figure 4.5.3 SEM images of (a) CuO/Au-1L (b) CuO/Au-3L and (c) CuO/Au-5L thin films.

Cross-sectional views of a pristine CuO and CuO films loaded with Au were analysed using
FE-SEM. The cross-sectional images of the CuO films coated with 1, 3, and 5 layers of Au are
presented in Figure 4.5.4 (a), (b), (c). The average thicknesses of the films were estimated to
be 24.02, 55.84 and 111.41 nm respectively.
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Figure 4.5.4 FE-SEM of cross-sectional images of (a) CuO/Au-1L (b) CuO/Au-3L and (c)
CuO/Au-5L thin films.

4.5.3 Elemental composition

EDS was used to verify the absence of impurities and to confirm the elemental composition
CuO/Au films. The EDS analysis of CuO/Au thin films consisting of 1, 3, and 5 layers of
AUNPs are given in Figure 4.5.5 (a), (b) and (c) respectively. The presence of oxygen (O) and
copper (Cu) was confirmed for all the films since they are the constituent elements of CuO.
The analysis also verifies the presence of Au in the CuO thin films consisting of 1, 3, and 5
Layers of Au NPs.
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Figure 4.5.5 EDS spectrum of (a) CuO/Au-1L, (b) CuO/Au-3L, and (c) CuO/Au-5L thin
films.

4.5.4. Optical properties

UV-Vis spectroscopy was done to investigate the optical absorption, transmittance and the
indirect bandgap of the films. Figure 4.5.6 shows the optical absorption and transmittance of
the pristine CuO films and the ones consisting of 1, 3, 5 layers of Au. All films exhibit photo-
absorption in the visible region, with a slight absorption in the near-infrared region. The photo-
absorbance of CuO films was observed to increase for samples decorated with Au NPs which
was similar with other results that have been reported in literature [69]. This may be attributed
to the increased scattering of photons caused by large amounts of Au NPs on the films surface.
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Figure 4.5.6 UV-Vis spectra of pristine CuO thin films and the ones coated with 1, 3, and 5
layers of AUNPs.

The Tauc plots for the indirect transitions of the pristine and Au coated CuO thin films are
given in Figure 4.5.7. The optical band gaps of all films were estimated from the Tauc plots as
earlier explained in section 4.2.4. The indirect band gap for CuO/Au-1L and CuO/Au-3L thin
films was estimated to be 1.20 + 0.03 eV, whereas for CuO/Au-5L the value declined to 1.13
eV. The narrowed bandgap observed for the CuO/Au-5L films was caused by the free electrons
produced by the large amount of Au NPs deposited on the surface of the CuO samples [71].
The decreased bandgap aligns with studies previously reported in literature for CuO/Au films
[23, 72, 73].
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Figure 4.5.7 Tauc approximation for indirect bandgaps of CuO thin films coated with 1, 3,
and 5 layers of Au.

4.5.5 Photoelectrochemical properties

LSV measurements were done to obtain the photo-current response of the CuO/Au films.
Figure 4.5.8 presents the photo-current densities of the samples at different potentials. The
pristine CuO films produced the highest photo-current density of 2.9 mA/cm? at 0.35 V vs
RHE, whereas the least photo-current of about 1.1 mA/cm? was observed for CuO/Au-1L and
CuO/Au-3L films at the same potential vs RHE. The obtained photo-current density was 42.9
% less than the value obtained for the pristine films at the same potential. The decrease in the
photo-current density of the CuO/Au photocathodes could be attributed to the prevention of
photo-corrosion which significantly enhanced the current response of the pristine CuO films

under illumination.

106



=3
™
[—}

1
=
-
9]
1l

—
s
=)
1l

Photocurrent Density (mA/cmz)

-1,5 4
-2,0 4 m— Pristine CuQO
CuO/Au-1L
2,54
CuO/Au-5L

-390 = n = n n n n = n =
0,4 0,5 0,6 0,7 0,8 0,9 1,0

Potential vs RHE (V)

Figure 4.5.8 Photo-current density of pristine CuO and CuO/Au photocathodes.

EIS measurements were also performed on the CuO/Au photocathodes to analyse the charge
transfer processes occurring at the solid/liquid interface of the films. Figure 4.5.9 shows the
Nyquist plot of the EIS experimental and fitted data for the pristine CuO and CuO/Au
photocathodes. The Randles circuit consisting of a resistor, Rs, in series with a parallel
connection of CPE and Rct, given in Figure 4.2.14 (d) was also used to fit the EIS experimental
data obtained for the CuO/Au films. The components of the Randles circuit represent the same

physical processes as explained in section 4.2.5.
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Figure 4.5.9 Electrochemical Impedance Spectra (EIS) of pristine CuO, CuO/Au-1L,
CuO/Au-3L and CuO/Au-5L photocathodes.

Table 4.5.2 The values obtained for the different elements after fitting the EIS data to the
circuit model using ZView software.

Sample Rs(Q) Rct(kQ) CPE (pF)
CuO pristine | 9.29 1.24 128.8
CuO/Au-1L 11.62 0.43 320.1
CuO/Au-3L 9.07 0.4 262.4
CuO/Au-5L 8.04 0.32 1758.6

Table 4.5.2 shows the values estimated for the different elements of the circuit model used to
fit the raw EIS measurements. The least charge transfer resistance with the value of 0.32 kQ
was produced by CuO/Au-5L, while pristine CuO vyielded the highest value of 1.24 kQ. Au
NPs have been shown to enhance charge transport and migration during photocatalysis when
deposited on the surface of a photoelectrode [23, 74]. Hence the integration of the Au NPs on
CuO photocathodes improved the movement of electrons across the photoelectrode/electrolyte
interface, decreasing their charge transfer resistance. Despite having lower Rct values, the

CuO/Au films yielded lower photo-current densities at 0.5 V vs RHE compared to the pristine
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CuO photocathodes. This was because a large part of the photo-current obtained for the pristine
CuO films was due to photo-corrosion processes occurring on the surface of the films as
explained in section 4.5.5. This is evident in the poor stability showed by the pristine CuO
films (Figure 4.2.13).

To obtain the charge carrier concentration (Na) and flat-band potentials (V1), Mott-Schottky
measurements were also performed on the CuO photocathodes coated with 1, 3, and 5 layers
of Au. MS plots of all CuO/Au photocathodes are presented in Figure 4.5.10, whereas the MS
plot for pristine CuO was earlier given in Figure 4.3.10. The approximate values of Vrg and Na
extracted from the MS plots are given in Table 4.5.3. Pristine CuO produced a slightly higher
flat-band potential values which was at least about 18 mV more positive than the values
obtained for the CuO/Au films. This contributed to the slightly earlier photo-current onset
observed for the pristine CuO films (Figure 4.5.8). The shift to a more negative flat band
potential observed for the CuO/Au films may be attributed to the achieved equilibrium between
the fermi levels of CuO and Au when the composite photocathodes were formed. The charge
carrier concentration obtained for the CuO/Au films ranges between 6.75-5.64 x 10%° cm®,
which was at least over 6.3 times higher than the values obtained for the pristine films.
Enhanced charge carrier concentration estimated for the CuO/Au photocathodes will enhance
their charge mobility and transport, limiting election-hole recombination in the bulk and
surface of the films [15]. This contributed to the reduced Rct values obtained for the CuO/Au
photocathodes (Table 4.5.2).
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Figure 4.5.10 MS plots of CuO/Au-1L, CuO/Au-3L and CuO/Au-5L photocathodes.

Table 4.5.3 Table showing Vs and Ng estimated from the MS plots of pristine CuO and CuO
photocathodes coated with 1, 3, and 5 layers of Au NPs.

Sample V1o vs RHE (V) Np * 10%° (cm3)
CuO Pristine 1.049 0.90
CuO /Au-1L 1.031 6.75
CuO/Au-3L 0.877 5.64
CuO/Au-5L 0.940 6.38

Chronoamperometry measurements were performed in dark and under illumination to study
the stability of CuO/Au-1L, CuO/Au-3L and CuO/Au-5L thin films in electrolyte. The photo-
current densities of the photocathodes were obtained at a fixed potential of 0.5 V vs RHE, for
a time-scan of 1200 s, and the results are shown in Figure 4.5.11. The CuO/Au-1L, CuO/Au-
3L, and CuO/Au-5L photocathodes retained about 65.0, 85.1 and 87.9 % of their photo-current
density after 500 s respectively. This represents a significant improvement in the photo-stability
of the films in electrolyte when compared to the 28.4 % of photo-current retained by the pristine
CuO photocathodes after the same duration of 500 s. More so, the CuO/Au-1L, CuO/Au-3L,
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and CuO/Au-5L photocathodes further retained about 58.4, 83.6, and 84.3 % of their photo-
current density after a scan of 1200 s, respectively. The improved photo-stability observed for
the CuO/Au films indicates that a large portion of the photo-current density observed for the
films in Figure 4.4.8 may result in the reduction of H20. The CuO/Au-3L and CuO/Au-5L
photocathodes showed a significantly enhanced photo-stability in electrolyte. However, the
samples still produced less photo-current density compared to the pristine films (Figure 4.5.8).
This again suggest that more research need to be done to further improve the photo-current
density of CuO/Au photocathodes while maintaining or further enhancing its photo-stability

under aqueous electrolytes.
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Figure 4.5.11 Photo-stability measurements performed at 0.5 V vs RHE on CuO/Au-1L,
CuO/Au-3L and CuO/Au-5L photocathodes.
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Chapter 5

5.0. Conclusions

5.1. Introduction

This chapter presents a summary for findings of the study conducted on the optimization of
processing parameters such as withdrawal velocity, film thickness and calcination temperature
in the preparation of dip-coated pristine CuO films for photoelectrochemical (PEC) water-
splitting. In addition, key findings obtained from the surface decoration of the optimized
pristine CuO photocathodes with activated charcoal (AC), Silver (Ag) nanoparticles (NPs) and
Gold (Au) NPs are elaborated. Lastly, some recommendations for future work are given based

on the finding of the studies carried out in this dissertation.

5.2  Optimization of processing parameters

Dip-coated copper (1) oxide (CuO) thin films were prepared on fluorine-doped tin oxide (FTO)
substrates using a copper acetate-based precursor solution. The processing parameters for the
preparation of the films such as the withdrawal velocity, calcination temperature, and film
thickness, were varied for the optimization of PEC water-splitting. The fabrication of the CuO
samples was done at withdrawal rates in the range 50-200 mm/min, having films of 239.7—
693.6 nm thicknesses, and annealed at 400-650 °C for 1 hour. The samples were used as
photocathodes in a three-electrode PEC device for water-splitting. X-ray diffraction (XRD) and
Raman patterns of the films confirmed the preparation of highly crystallized CuO films. Field
emission scanning electron microscopy (FE-SEM) revealed the morphology of the thin films
to consist of compact spherical nanoparticles. The cross-sectional views of the films exhibited
an increase in their thickness with increasing withdrawal speed and number of film layers. EDS
analysis confirmed the presence of O and Cu which were the constituent elements of the CuO
films prepared. Ultra-violet-Visible (UV-Vis) spectroscopy studies indicated strong optical
absorptions in the visible region with some slight absorption in the near-infrared spectrum due
to the estimated low bandgap of 1.34 + 0.04 eV obtained for all the films. Linear sweep
voltammetry (LSV) measurements yielded the highest photo-current density of 2.9 mA/cm? at
0.35 V vs RHE for the films prepared at withdrawal speed of 150 mm/min, with thickness of
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397.3 nm and annealed at 600 °C. The improved photo-current density attained by the films
has been linked to the optimization of the film thickness, optical absorbance, crystallization,
and the low resistance to the transfer of charge carriers at the photocathode/electrolyte interface
of the films. Stability measurements performed on the most optimized pristine CuO
photocathodes in terms of PEC response revealed that the films could only retain 76.2 and 28.4
% of their photo-current density after 100 and 500 s respectively. This was attributed to the
photo-corrosion occurring on the films surface. The study emphasized the significance of
optimizing processing parameters in the preparation of CuO films for PEC applications and
revealed an innovative pathway that should precede studies concerning the stability of CuO in

electrolyte.

5.3 Surface decoration of pristine CuO with activated charcoal (AC),
silver (Ag), and gold (Au) nanoparticles (NPs) for the enhancement of photo-

stability

The pristine dip-coated CuO photocathodes which yielded the best PEC response after
optimizing processing parameters were decorated with 1, 3, and 5 thin layers of AC via spray
pyrolysis for the enhancement of their photo-stability in electrolyte. The XRD and Raman
patterns of the films confirmed the preparation of highly crystallized CuO/AC thin films. FE-
SEM images revealed increasing agglomeration on the surface of the films following the
addition of 1, 3, and 5 layers of AC. The cross-sectional views of the films showed an increase
in the thickness of the films with increasing number of AC layers. EDS analysis confirmed the
presence of O and Cu which are the constituent elements of CuO and carbon which result from
the deposited AC. UV-Vis spectroscopy studies indicated strong optical absorption in the
visible region due to the low bandgap values of 1.25 £ 0.04 eV for all the AC-incorporated
CuO films. LSV measurements revealed that CuO/AC-1L produced the highest photo-current
density of 1.5 mA/cm? at 0.5 V vs RHE, indicating a 20% increase compared to pristine CuO
at the same potential. Electrochemical impedance spectroscopy (EIS) measurements affirmed
the observed photo-current, as the same photocathode showed the least charge transfer
resistance (Rc) at the photocathode/electrolyte interface. Moreover, the maximum charge
carrier density estimated for the films from the Mott-Schottky (MS) plots yielded the maximum
value of 10.28 x 10%° cm for the CuO/AC-1L photocathodes, further validating the enhanced

photo-current response produced by the films. Chronoamperometry measurements showed a
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significant improvement in the photo-stability of the CuO/AC-5L photocathode, retaining 45.5
% of its photo-current after 500 s as compared to the 28.4 % sustained by the pristine CuO after
the same period.

Furthermore, the pristine CuO photocathodes which yielded the best PEC response after
optimizing processing parameters were also decorated with 1, 3, 5 layers of Ag NPs, using a
drop-casting method to investigate the effects on their photo-stability in electrolyte. The XRD
and Raman patterns verified the preparation of highly crystallized CuO/Ag NPs. FE-SEM
showed a large distribution of Ag NPs over the surface of all films. Cross-sectional views of
the films revealed an increase in the thickness of the films with increasing number of Ag NPs
layers. UV-Vis spectroscopy showed good optical absorbance for all the films in the visible
region of the electromagnetic spectrum. Furthermore, the absorption wavelengths of the films
were observed to be more broaden with increasing layers of Ag NPs due to the surface plasmon
resonance induced by the addition of Ag NPs. The indirect bandgap of CuO/Ag-3L and
CuO/Ag-5L films were estimated to be 0.83 + 0.02 eV, whereas for CuO/Ag-1L, it was 1.20
eV. LSV measurements showed the highest photo-current density for pristine CuO which was
2.9 mA/cm? at 0.35 V vs RHE. The drop in the photo-response of CuO upon the deposition of
Ag was associated to the lost in the photo-current density resulting from the high photo-
corrosion occurring on the surface of the pristine films. EIS measurements reveal lower charge
transfer resistance for the Ag modified CuO films, indicating that the enhanced photo-current
density yielded by the pristine films was due to the photo-corrosion occurring on the
photocathodes. Chronoamperometry measurements revealed that the CuO/Ag-1L, CuO/Ag-
3L, and CuO/Ag-5L photocathodes retained about 74. 5, 60.0 and 75.9 % of their photo-current
density respectively, after 500 s. This represents a significant improvement in the photo-
stability of the modified films in electrolyte when compared to the 28.4% of photo-current
retained by the pristine CuO photocathodes after the same duration of 500 s. Moreover, the
CuO/Ag-1L, CuO/Ag-3L, and CuO/Ag-5L photocathodes further retained about 65.9, 47.3 and
74.7 % of their photo-current density after a scan of 1200 s respectively, affirming the notable

enhancement in the photo-stability of the pristine CuO films.

Lastly, the pristine dip-coated CuO photocathodes which yielded the best PEC response after
optimizing processing parameters were coated with 1, 3, 5 protective layers of Au NPs, via the
drop-casting technique. XRD and Raman patterns confirmed the preparation of highly

crystallized CuO/Au NPs. FE-SEM micrographs of the films revealed deposits of Au NPs
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distributed over the surface of CuO films. Cross-sectional views of the films revealed a
significant increase in the thickness of the films with increasing number of Au NPs film layers
on the CuO films. UV-Vis spectroscopy showed optical absorbance of all films in the visible
region, with a slight absorption in the near-infrared region of the electromagnetic spectrum.
The indirect bandgaps for CuO/Au-1L and CuO/Au-3L thin films was estimated to be 1.20
0.03 eV, whereas for CuO/Au-5L, the value declined to +1.13 eV. LSV measurements also
showed the highest photo-current density of 2.9 mA/cm? at 0.35 V vs RHE for the pristine
CuO. EIS measurement revealed lower charge transfer resistance for the CuO/Au modified
films as compared to the pristine photocathodes with the least value observed for CuO/Au-5L.
Again, this indicates that the enhanced photo-current density yielded by the pristine CuO
photocathodes was due to photo-corrosion occurring at the surface of the films. The highest
charge carrier concentration was produced by CuO/Au-1L with a value of 6.751 x 102 cm®,
indicating enhanced charge transfer and migration at the photocathode/electrolyte junction for
hydrogen evolution reactions. Chronoamperometry measurements revealed that the CuO/Au-
1L, CuO/Au-3L, and CuO/Au-5L photocathodes retained about 65.0, 85.1, and 87.9 % of their
photo-current density after 500 s respectively. This represents a significant improvement in the
photo-stability of the films in electrolyte when compared to the 28.4% of photo-current retained
by the pristine CuO photocathodes after the same period. More so, the CuO/Ag-1L, CuO/Ag-
3L, and CuO/Ag-5L photocathodes further retained about 58.4, 83.6, and 84.3 % of their photo-
current density after a scan of 1200 s respectively.

5.4 Future work

The deposition of AC, Ag and Au of the surface of pristine CuO films notably enhance the
photo-stability of the films in electrolyte as stated in sections 5.3. However, the photo-current
density was lower for most of the CuO films after modification with AC, Ag and Au which
was largely attributed to the significant drop in photo-corrosion occurring on the pristine films.
Notwithstanding, it will be important to device ways of improving the stability of CuO
photocathodes in electrolyte while maintaining or further enhancing its photo-current density.
Also, since only the thickness of AC, Ag, or Au NPs was varied as discussed in sections 4.3,
4.4 and 4.5, the influence of parameters such as concentration [1], and annealing temperature
[2] may also need to be investigated for possible improvement of the photo-current response

of the modified films while maintaining or even further enhancing their photo-stability.
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In addition, the deposition techniques of thin films play an important role in the outcome of
structural, morphological, optical, and PEC properties of thin films [3]. Thus, exploring other
techniques for the deposition of AC, Ag and Au protective layers on the surface of the pristine
CuO films can further influence the photo-current response and photo-stability of the films for

enhanced PEC water-splitting.
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