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Abstract

The primary objective of this MPhil research is to investigate the hydrogen evolution reaction
(HER) via water splitting using new Molybdenum disulfide (MoS2) incorporated cobalt oxide
photocatalysts. Cobalt oxide has been extensively investigated and proven to be an efficient, and
well-established photocatalyst for catalytic applications including organic degradation, CO;
reduction, and water splitting. This research has explored a rapid and reliable synthesis technique
using microwave (MW) irradiation for fabricating cobalt oxide photocatalysts by varying the
polyvinyl alcohol as a reaction template precursor. Leveraging the well-known microwave
technology for its high kinetic and energy efficiency over conventional hydrothermal and
solvothermal technology to synthesize nanomaterials, the advantage of this microwave technique

to synthesize cobalt oxide and co-catalyst was explored and established for the first time.

The first study of this thesis investigated the MW synthesis of MoS; quantum dots (QD) with
photoluminescence and quantum confinement effect to enhance the HER performance of MoS;

QD modified cobalt oxide-based photocatalyst to achieve a Z-scheme heterojunction construct.

To evaluate the enhanced hydrogen production capabilities of the as-prepared Z-scheme
photocatalyst. Initially, the conducted experiment utilizes microwave synthesized MoS; QD. The
prepared MoS; QD were incorporated over the microwave-synthesized cobalt oxide through a
simple stirring method. The HER results showed an increment of 16.2 and 22.5 times in absence
of sacrificial agent. The unmodified MW cobalt oxide was selected as the control sample for all

modifications and the commercial cobalt tetraoxide (Coz04) was used as a comparison.

For the second work, the thesis reports the synthesis of MoS; bulk as a co-catalyst with cobalt

oxide photocatalyst using the same MW synthesis approach. The effect of HER performance with



and without the use of sacrificial agents: Triethanolamine (TEOA) and a mixture of sodium sulfide

(NazS), and sodium sulfite (Na2SOz) was also investigated in this work.

The results demonstrated competitive hydrogen production with 11.21 mmolg*h?® (TEOA) and
16.64 mmolgth? (sodium sulfide (Na.S) and sodium sulfite (Na;SOs)) for MoS, bulk
heterojunction and 16.4 mmolg2h?* (TEOA) and 17.5 mmolg™th? (sodium sulfide (Na,S) and

sodium sulfite (Na2S0Oz)) for MoS; QD.

In both works, the synthesized MoS, QD and MoS: bulk cobalt oxide photocatalysts were
considerably analysed using several characterization techniques including X-Ray diffraction
analysis (XRD), X-ray photoelectron spectroscopy (XPS), and Fourier-transform infrared
spectroscopy (FTIR) for chemical analysis, transmission electron microscopes (TEM) and
scanning electron microscope (SEM) with elemental mapping for morphological analysis, and
UV-Vis-NIR and Photoluminescence for optical study. Results from these characterization

techniques supported the rationale of enhance photocatalytic performance.

The novelty of this research can be summarized as following. Firstly, the reduction in cobalt oxide
synthesis time to 0.15% compared to the average required for hydrothermal process from a 20
hours range to 2 minutes. Secondly, exploring MoS; QD synthesis using microwave irradiation is
unprecedented to my knowledge. Lastly, the synthesis of Z-scheme heterojunction of the two
semiconductor materials (MoS2 QD and cobalt oxide) for hydrogen evolution reaction is reported

for the first time.

Keywords: Photocatalyst, Water splitting, Cobalt oxide, Molybdenum disulfide, Quantum dots,

Microwave, Z-scheme heterojunction.
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Chapter 1. Introduction

1.1 Applications and importance of hydrogen

Hydrogen currently has a vast array of applications in chemical industries, ammonia synthesis as
a fertilizers [1]. It is also used in petroleum refineries for hydrocracking, hydrotreating to produce
petrol and diesel derivatives and used in food industries to transform unsaturated fats into saturated
fats to extend the shelf life of the food [1, 2]. Recent a development to be used a as a fuel, not only
for passenger cars, and busses but also in space industries where hydrogen along with liquid

oxygen is used to achieve high-energy propulsion [3, 4].

Hydrogen is considered a potential alternative source of energy, a fuel for the future [5]. The
hydrogen economy is a term used for the overall cycle that involves the synthesis, storage, and
application of hydrogen in various sectors of the economy [6]. This can offer an alternative to the
fossil fuel-based economy only if newer technological development can provide a viable and green
alternative to the current economy [7]. The transition toward the hydrogen economy necessarily
has to be developed in an environmentally friendly and using economically competitive

technologies [8].

1.2. Current hydrogen production status

The mature and traditional technology that is currently used for hydrogen production is Steam
Methane reforming (SMR). Half of the worldwide hydrogen supply comes from SMR [9]. In a
typical SMR process, a catalyst usually Nikel is used under high temperature (700 to 1400°C) and
pressure to produce hydrogen in the presence of hydrocarbon feedstock, such as natural gas or
methane and steam [10]. However, this technology has high environmental impact as amounts of
carbon monoxide and carbon dioxide gases are generated along with heavy energy demands [11,
12].
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Modern and sustainable technology for hydrogen production is the electrolysis of water. In
an electrolysis process, an external energy source is used to drive the uphill chemical process [13].
In an electrolyser device, chemical bonds are dissociated using electricity. Hydrogen reaction
happens at the cathode and oxygen evolution at the anode [13]. There are several challenges faced
by this process, firstly, the porous diaphragm makes it hazardous, and explosive to operate under
pressure between anode and cathode [14]. It also faces high capital cost that includes external
circuits and battery assembly which is a prominent challenge along with the cathode material to

be noble metal like Pt [15, 16].

These are two key processes currently used for hydrogen production that come with their
own sets of challenges and limitations. As a comparative technology for water splitting,
photocatalysis is emerging as a promising choice. The overall or half-reaction to produce hydrogen
or oxygen over a semiconductor photocatalyst material using solar energy is researched to produce
large-scale hydrogen production in a sustainable manner [17]. Recently numerous attempts have
been made to develop photocatalysts that can utilise the complete solar spectrum [17]. This can be
accomplished by developing a reliable and effective base catalyst or incorporating with a co-
catalyst that works synergistically and overcomes the limitation of the base photocatalyst [17].
Being a relatively new technology, achieving commercially suitable conversion efficiency is still

a challenge.

1.3. Gaps within the technologies

In the case of SMR, a prominent challenge is the reliance on high temperature that not only leads
to energy intensive process but also results in substantial greenhouse gas emissions that is counter
to the objective of sustainable future [18]. Furthermore for electrolysers, the challenge lies in the

substantial capital cost along with the need to use noble metals in its application [19]. The large

14



utilization of potassium hydroxide (KOH) as an electrolyte also presents a drawback so an
alternative more environmental sustainable electrolyte have be exploited [19]. To address these
gaps a development and establishment of materials and technology that can align with sustainable

objectives is the need of future.

1.4 Photocatalysis Materials in use

Cobalt oxide has been extensively studied for the photocatalytic operation as it offers advantages
like stable chemical states, abundance, cost effectiveness and availability [20]. However, cobalt
oxide faces challenges relating to the light absorption, and charge recombination due to its
semiconductor characteristic. Overcoming these challenges is the ongoing state of art and future
strategies. This can be achieved by synthesising materials with modern technologies that results in
unique bond formation, altering shape and size, band gap tuning and the addition of co-catalyst.
The addition of co-catalyst can be advantageous for example in enhancing the light absorption,
minimising charge recombination, and providing support as physical or chemical to the base
catalyst. One such co-catalyst is the Molybdenum disulfide (MoSy). It is a transition metal
dichalcogenide that has gained scientific focus owing to its exceptional properties like chemical,
optical, electronical, and excellent surface area [21, 22]. Being able to showcase direct band gap
of 1.8 eV for instance, it can be used as a co-catalyst for enhanced light absorption [23]. MoS: in
this work is used in two physical states in photocatalytic application, first as MoS,quantum dots

and second as MoS;Bulk and both exhibit significant potential for photocatalytic reaction.

1.5 Sacrificial agents
Sacrificial agents (SA) play a critical role in scaling up water splitting reaction towards
commercialisation standards by facilitation of the efficient charge transfer within the photocatalyst

[24]. The water only systems face challenges in overcoming the high energy conditions, slow
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reaction kinetics, thermodynamic barriers (AG = 285.5 kJ mol—1) and the need for higher redox
potential. These challenges can be addressed using SA. Primarily, they provide necessary electrons
along with the simultaneous quenching of the generated holes and facilitate the thermodynamic
requirement [25]. In this study two SA systems have been studied, Triethanolamine (TEOA) and

a mixture of sodium sulfide (NazS), and sodium sulfite (Na.SO3).

1.6 Thesis structure

The Figure 1 shows the thesis flow starting with introduction of the thesis. Followed by identifying
the gaps and then deriving the strategies to overcome the gaps regarding the choice of photocatalyst
and synthesis methods. Then experimental sections incapsulated by two research articles followed

by comparing both the experimental sections and finally proposing the results.
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1.5 Obijective:
1. To investigate the feasibility of microwave for rapid synthesis of cobalt oxide as a

photocatalyst.
2. To investigate the successful synthesis of MoS, Quantum dots using microwave.

3. A Z-Scheme heterojunction is established with cobalt oxide MoS> bulk and MoS, QD to

investigate the hydrogen evolution reaction.

4. To evaluate the influence of sacrificial agent on the heterojunction formed above.
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Chapter 2. Literature review

2.1 Water splitting

The quest for alternative source of energy has led the scientific focus towards hydrogen evolution
via water splitting [26]. The traditional methods for hydrogen generation relies on fossil fuels, that
contributes highly towards environmental pollution, carbon emission, thus causing challenges that
necessitate a transition towards the sustainable renewable energy solutions [27]. This transition is
driven by the increasing scarcity, cost fluctuation owing to the source availability, geopolitical
reasons, and importantly detrimental environmental impact [28]. So, the quest of green hydrogen
has gained high pace due to alarming environmental concerns and the limited conventional fossil
fuel. Green Hydrogen has significant potential to emerge as a promising energy solution to the
growing environmentally friendly energy needs [29]. It also stands out by proving to offer
advantages including clean combustion profile and usable flexibility for several modern
applications making it as a rational choice [30]. Thus, to generate green hydrogen, one of the
promising technologies is the dissociation of water that offers a potential solution to address the

challenges related with sustainable hydrogen supply.

Water splitting is a process that involves dissociation of a water molecule into its
component elements, hydrogen and oxygen and that can be driven by external forces like
electricity, thermal, and light [29, 31]. In the subsequent session the detailed analysis of each step
will be provided. Water splitting has grasped attention as its energy effective and environmentally
benign approach of hydrogen production [32]. In this process the primary input is light and water
that presents advantage over fossil fuel based hydrogen generation techniques that involves
hydrocarbon as raw materials [33]. From a thermodynamic perspective water splitting is a uphill

reaction, it implies that, additional energy input is required to overcome the thermodynamic barrier
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which contributes to 1.23 eV [34]. This thermodynamic barrier associated to the hydrogen and
oxygen bond breakage in a water molecule rendering that the process is thermodynamically non

spontaneous [34].

Equation for water splitting: H.O — H>+1/20;

2.1.1 Steam methane reforming (SMR)

Steam reforming of methane stands as a primary and prominent source of hydrogen production
that currently surpasses other new technologies [35]. This is a recognised and mature technology
for effectively converting methane-rich feedstock such as a natural gas into hydrogen [35]. The
SMR usually involves the use of hydrocarbon feedstock typically natural gas or methane in
combination with steam that is passed over a Nikel based catalyst to yield hydrogen gas [35]. This
reaction occurs over high temperature generally around 700 — 1400°C and under high pressures.
A undesired outcome of this technology is the significant amount of carbon monoxide and carbon
dioxide [36]. When carbon monoxide is generated, it is passed through a water gas shift process
to convert into carbon dioxide and the hydrogen purification is achieved by employing an amine
unit [36]. On case per case basis, mostly SMRs are fitted with carbon capture and sequestration
(CCS) units to capture generated carbon denoted in the Figure 2 while in other instances the
carbonous gasses are released into the environment that contributes to adverse repercussions [36].
However, the incorporation of and additional CCS step contributes to the overall capital cost. Not
only that but this process is burdened with drawbacks like the release of greenhouse gasses which
is a significant challenge that hampered the pursuit of sustainable future. Additional to these
challenges, the reliance on non-renewable resources (fossil fuels) for hydrogen production is also

a major drawback [37].
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Figure 2: Schematic of SMR of a typical SMR process with highlighted CCS unit to capture carbon

monoxides and carbon dioxides.

2.1.2 Water splitting — electrolysis

Electrolysis serves as an effective method for splitting water into its fundamental components —
hydrogen and oxygen by applying external electrical current [38]. In a typical electrolysis cell, the
two critical components are anode as an oxygen electrode and a counter electrode as cathode
functioning as a negative electrode and both have a thickness of 200um — 300um [39, 40]. At the
positively charged electrode (anode) water molecule release electron while at the negatively
charged electrode (cathode) the molecules accept the electrons. These two electrodes are separated

by an ionic conducting electrolyte which is potassium hydroxide (KOH) [39, 40].
The reaction can be represented as
2H,0 — 4e + 4H" + O2 (Anode) Eq (1)

4e” + 4H" — 2H; (Cathode) Eq (2)
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Overall reaction

2H,0 — 2H, + O Eq(3)

Alkaline water electrolysis (AWE) is a well-established technology that employs low-cost
metals catalyst. However, it does pertain associated disadvantages relating to the low current
density, low operational pressures, and gas crossover issue [41]. Another studied technology is a
solid polymer electrolyte water electrolysis. Though overcoming the limitations of the AWE, it
introduces drawbacks such as high cost of components including proton membrane exchange
(PEM), and the necessity for noble metal catalyst and lower range output power [41]. Figure 3
shows the simple representation of a PEM electrolyser with Pt and Ir noble metal catalyst. The
oxygen evolution reaction represents the determining step in water electrolysis process that
demands a high over potential due to its irreversibility that hinders the over forward reaction [42].
Achieving the overpotential requires a substantial electrical current contributing to the energy
consumption resulting in higher cost and energy [42]. To mitigate the high energy needs newer
modifications as integration of renewable energy sources like solar panels, or wind power is ideal.
But this addition comes with capital cost and heavy maintenance. However, this is a considerably
sustainable process compared to SMR but the need to address the challenges is crucial for the

advancement and success of the electrolytic water splitting process.
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Figure 3: PEM electrolysis with platinum and Iridium catalyst separated by a membrane [48].

2.1.3 Water splitting — photocatalysis

The utilization of the solar energy for green hydrogen production via using a semiconductor
material (photocatalyst) is a highly effective and environmentally friendly modern technique. It
benefits from the abundance and renewability of both water and solar while operating in ambient
temperature and pressure [43]. The semiconductor material has an electronic band arrangement
that consists of a packed valence band and an empty conduction band separated by a band gap [44,
45]. When the light source of energy greater than the band gap is incident on the photocatalyst the
electrons in the valence band are excited to the conduction band [45]. From a thermodynamic
perspective, photocatalytic reaction can be categorised into two types depending on the Gibbs free
energy change; 1. Uphill reaction where the Gibbs free energy is positive (AG = 285.5 KJ mol—1)

and 2. Downbhill reaction with a negative Gibbs free energy (A-G°). In case of the photocatalytic
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water splitting reaction, the process is a uphill as the dissociation of the water molecules is
accompanied by a positive change in the Gibbs free energy, shown in Figure 4 [46]. To achieve
this, photon energy is therefore converted into chemical energy during the water splitting reaction

[47, 48].

AG>0 (uphill)

Figure 4: A thermodynamic plot of photocatalysis as an uphill reaction with (1Go) > zero [51].

The photocatalytic hydrogen evolution reaction (HER) process comprises of several steps.
First, the generation of the exciton consisting of electrons and holes upon the light absorption.
Second, exciton charge migration to the photocatalyst’s surface. Thirdly, the migrated excitons to
react with water molecule to produce hydrogen at the conduction band while the oxygen at the
valance band [49]. The overall photocatalytic process involves the participation of four electrons

that are shown in the equation below [50].

Photocatalyst + 4hy photons (irradiated light) — Photocatalyst + 4h™ + 4e Eq (1)
4e” +4H" — 2H" + 2H" — 2H> Eq (2)
4h* + 4H,0 — 40H" + 4H* Eq (3)
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20H' + 20H" — 2H,0 + O, Eq (4)

A typical photocatalytic schematic is shown in Figure 5 where the photocatalyst is dispersed in

water and with light irradiation, and hydrogen and oxygen gasses are evolved.

CB e
HZ

hs VB

\
Sunlight H, O, \

Figure 5 Shows the photocatalytic system with charge excitation in the semiconductor

photocatalyst [51, 52].

2.2 Challenges, current state of art, and Emerging trends — photocatalyst for water splitting

2.2.1 Challenges in photocatalyst

Semiconductor photocatalyst material play a pivotal role in the process of water splitting because
of their capacity of harnessing solar energy to initiate the redox reaction that decomposes water.
Metal oxides are among the commonly used materials for this purpose. Owing to their
semiconductor’s nature, the limitations for overall water splitting are, 1. The development of

suitable photocatalyst that has appropriate band gap which promotes the reaction with minimal
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amount of energy to achieve the uphill reaction. 2. The adjustable band structure of valance and
conduction band. 3. Higher stability so the photocatalyst can be used of longer reaction time with
minimal loss of efficiency. 4. The ability to harness the complete solar light spectra. 5. Inefficient

charge migration are some major challenges associated with the semiconductor photocatalyst [17].

2.2.2 Current state of art in photocatalyst

Recent efforts have been focused on the enhancing the optical properties, charge separation
capabilities and stability of the photocatalyst. One such prominent strategy is the loading of co-
catalyst onto the semiconductor surface. Table 1 discusses the different co-catalyst incorporated
with cobalt based photocatalyst. For example, the use of Pd, Au, Ag, Ni, MoS Cd and sulfide,
metal oxides, biomimic hydrogenase as a cocatalyst have resulted in promising improvements in
the area of light harvesting as a co-catalyst [53, 54]. These co-catalyst strategies contribute to
lowering the activation energy and catalysing the surface reactions and supressing the exciton

recombination [54].

Furthermore, the reaction conditions are also studied like temperature and pH dependence has been
investigated where the hydrogen evolution shows variation with varying pH conditions. Silva et
al., [55] observed a HER of 1 mmol g*h™ at pH 14 which dropped to 0.15 mmol g*h* at neutral
pH. ‘Development in the materials field is the use of bismuth-based halide perovskites’ Liang et
at., (2022) studied the use of hierarchal mesoporous SrWO4 doped with the metallic Bismuth that
resulted in an significant 2.4 fold increase in the photocatalytic activity [56]. A variety of Bi based
materials (NiCoP/Cs2AgBiBrg) [57] have been studies for their improved interfacial charge
transfer kinetics and surface reaction dynamics [58, 59]. While these recent materials show
promising performance their challenges still remain like the materials exhibit instability in aqueous

media that limits their application in various solvent environment dynamics [58, 59]. Metal organic
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framework (MOFs) have gained attention due to their surface area, porosity, turnability but they
face limitations in terms of stability under harsh conditions, for example while using with a

oxidising sacrificial agents [60].

2.2.3 Emerging trends in Photocatalyst

A noteworthy and highly potential emerging trend in the realm of semiconductor is the application
of quantum dots (QD). They have gained significant attention and extensive scientific investigation
due to their excellent light absorbance capacity multi excitation effect adjustable energy bands,
optoelectronic properties and so forth [61]. QD are classified as quasi-zero-dimensional materials
consisting of a small number of atoms with the size typically less than 10nm that is closer to the
exciton Bohr radius [62]. This supports QDs to display unique characteristics of singular
photophysical and photochemical properties [63]. QDs have a tuneable band gap and that is
proportional to their size showcasing unique properties like quantum confinement effect, surface
plasmon resonance, visible light absorption capacities and high volume to surface area ratio that
provides high concentration of active sites. [64, 65]. Quantum confinement property enables the
QDs to extend their light absorbing capabilities to near infrared region (NIR) along with visible
light and that is altered by their band gap and size [63]. The size also plays pivotal role in
effectively migrating the charges from the core material to its surface. Furthermore, multi exciton
generation within the QDs allows them to achieve high efficiency in HER. Another optical
property, the up-conversion fluorescence effect gives QDs the ability to harvest light of NIR and
convert it to a shorted wavelengths which is in visible light region. This results in enhancing the
light exposure to the base photocatalyst [63]. For instance, the integration of MoS.QD onto the

Bi,S3 nanorods served as a light harvesting co-catalyst that resulted in up-conversion fluorescence
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that aided Bi»Ss to retain its HER in the NIR. however standalone Bi»S3 does not exhibit the HER

property [63].

As a co-catalyst in a photocatalytic reaction, quantum dots assumed a multifunctional role.
Firstly, QDs serve as a proficient host or photosensitiser that generates charge carriers to initiate
the water splitting process. Secondly, they can act as a charge carrier that mediates half oxidation
or reduction reaction. This role is critical in limiting the charge recombination phenomenon.
Thirdly, QDs can work as a light trapping, augmenting the light harvesting capacity of the base
catalyst [66-68]. QDs in ideal circumstances should exhibit more negative potential conduction
band, while the valence band should be more positive compared to the base semiconductor material
[69]. QDs possess a direct bandgap in a range of 1.8 to 2.8 eV rendering them capable of effectively
absorbing the various light spectra [70]. When exposed to external light source, in return QDs
emits varying light frequency different than the light source which is called the fluorescence effect.
This variation in the light emittance is proportional to the QDs size, composition and structure
[63]. For example, CdTe QDs having a size between 2.5 to 4 nm, showed an emittance from 510
to 600 nm, this property can be utilised to assist the base photocatalyst to absorb a specific
wavelength of light that can enhance the HER [63]. Several characterisation techniques can be
used to confirm the formation of desired QDs, some of the techniques are diffuse reflectance
spectroscopy (UV-Vis DRS) and photoluminescence [63]. To leverage these properties, numerous
strategies have been explored to integrate QDs onto a base semiconductor that opens up new

avenues of improving photocatalytic performance.

Metal based QDs can be classified into two categories 1. Noble metal QD and 2. Non noble
metal QDs. The noble metal QD like Au, Ag, Pd, Pt, Rh and Ir are known for their unique

phenomenon surface plasmon resonance (SPR) and hot carrier participation [71, 72]. Reddy et al
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[73], investigated a TiO2 based photocatalyst and modified with Cu/Ag QDs under UV light the
performance was enhanced from 0.1mmol h'lg? (TiO2) to 16.3 mmol h'g™ (Cu/Ag QDs/TiO;) for
UV-Visible light. This confirms the co-catalyst modification of SPR induced QDs can successfully
improve the hydrogen yield. The limiting factor for using noble metal quantum dots is their higher
cost and limited supply and however, considering the scarcity and high demand, the cost of

production for the noble metal quantum dots will be rising.

An alternative, the higher availability and lower cost for the non-noble QD makes them a
logical consideration for the use in hydrogen evolution reaction. Non noble metal QD also shows
quantum confinement, photoluminescence, up-conversion fluorescence effects. Along with that,
they also show improved charge separation and migration thus reducing the recombination of the
electron and holes [74]. The non noble metal QDs that are currently investigated are Bi [75], Ni
[76], Cu [77], Al [78], Zn [79], Na [80], Mg [81], Mo [82]. Weizhao et al., [83] showed a
systematic comparison of TiO> modified with non-noble NiQD and with noble metal Pt where
optimal dosing of Ni QD/TiO; yielded a hydrogen rate of 1.35 mmol h* gt which is equivalent to
the Pt/TiO2, modified photocatalyst with 1.39 mmol h** g*. This observation concludes that non-
noble QDs can be a reasonable replacement to the noble metal without compromising on the HER

performance.

2.3 Cobalt oxide-based photocatalyst

Cobalt oxide has been a subject of comprehensive investigation for various catalytic applications,
like CO2 reduction, N fixation and degradation of organic pollutants, and water splitting [84].
These are multiple cobalt based materials used for water splitting purposes like cobalt oxides
(C0304, Co0, Co03, Co203), cobalt hydroxide [Co(OH)2] and cobalt oxyhydroxide [CoO(OH)]

[85]. The material parameters to be considered while synthesising the cobalt based photocatalyst
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are crystallinity, amorphous, morphology, size, exposed faced and lastly surface vs. bulk
oxidation states, band gap and charge recombination [85]. It offers several advantages such as
high surface to volume ratio, stable chemical states, and cost effectiveness. In photocatalytic
applications, the presence of Co?* and Co** redox couple is advantageous in order to transfer
electrons for water splitting, where Co2" and Co3* occupies tetrahedral and octahedral voids
respectively [20]. Also, Co?* species are responsible to for the formation of key intermediates such
as CoOOH during water spitting mechanism [85]. The Co®' species present at octahedral
coordinate are not directly participating in the reaction but are responsible for the charge transfer
due to their highly reactive nature [85]. Thus, understanding their roles and quantity present is
critical to design an effective cobalt based photocatalyst. Despite several advantages, cobalt oxide
owing to its semiconductor nature has some limitations and area for improvements owing to its
semiconduction nature. Some limitations are the relatively low catalytic activity, lower active sites
density, limited light absorption, electron recombination (surface and bulk recombination
pathways) (bold are the limitations endeavoured to address in this research work) shown in Figure

6.
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Figure 6: Single semiconductor photocatalyst (cobalt oxide) and pathways of charge

recombination

The current challenges in improving the catalytic efficiency of cobalt oxide revolves
around the synthesis of distinctive nanostructures, morphological design, tuning size, and shape
that can impact the band gap. Importantly, incorporating co-catalyst to enhance the charge
migration, separation and improvement in the light absorption [84]. From material synthesis point
of view, cobalt oxide nanomaterial is a synthesised using longer time thus energy intensive
processes like solvothermal and hydrothermal discussed in the Table 1 [86, 87]. Thus, modern
rapid synthesis methods are investigated for the synthesis of cobalt oxide one such prominent

method is the microwave irradiation which is discussed in detail in the below relevant sections.
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Table 1 also compares various sacrificial agents including Methanol, Latic acid, Triethanolamine,

and Sulfide and Sulfite based, Also NA NA SA is abbreviated for not available and no sacrificial

agent . Also, various co-catalyst (noble and non-noble) are discussed forming a range of Z-scheme

heterojunctions.

Investigation of co-catalyst mixed metal oxide as a photocatalyst is conducted by Menezes

et al., 2015, where cobalt and manganese were studied for oxidation and reduction reaction [88].

Recently, Tien et al., 2023 investigated another photocatalyst with cobalt oxide as base and MoS>

as co-catalyst observed increased HER from 66.8 pumol h'*g? for CosO4 to 765 pumol hig? after

modification by Z-scheme with MoS». This performance enhancement is due to better charge

separation and light absorbance [89].

Table 1. Comparison of cobalt-based catalysts " hydrogen production rate with co-catalyst and
modifier under different sacrificial agent systems.

Photocatalyst Sacrificial Hydrogen Synthesis Method | Synthesis | Ref.
agent production Time (hrs)
rate
(mmol h™t g™?)
Co/TiO2 Methanol 0.8 Hydrothermaland | 5 [90]
lon exchange
Co(OH)./TiO2 Methanol 0.7 In-situ synthetic - [91]
method
NiC0204/g-C3N4 Methanol 0.5 Thermal 2 [92]
polymerization.
Au-Co / TiO2 Methanol 171 IWI and DPU - [93]
Pt/AgTao7Nbo303/ | Methanol 0.012 hydrothermal 48 [94]
Co-Pi method
Plasmonic Methanol 3.21 Heating and 6.5 [95]
AUNP@CoTPy stirring.
NiCo-LDH/40 wt% | Lactic acid 8.7 Solvothermal and 25 [96]
P-CdS hydrothermal.
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CoP quantum dots | Lactic acid 1.1 Two-step heating 10 [97]

(QDs)/ CdS/rGO reaction.

MoS2/C0304 nano- | Lactic acid 3.8 Hydrothermal 20 [89]

heterojunction

Co-2TPABTz Co- Lactic acid 20.65 Stirring and 36 [98]

2TPABTz / Ag NP evaporation,

C0304 TEOA 0.66 Hydrothermal 29 [99]
method.

g-C3N4/CoP QD- TEOA 0.93 Heating 5 [100]

4%

0.45 wt% CoP TEOA 1.0 Thermal 12 [101]

modified g-C3N4 condensation

CuC0204/9-C3N4 TEOA 4.1 Reflux-calcination. | 1.5 [102]

Cuo0.9C021S4@MoS: | TEOA 4.0 Hydrothermal 24 [103]
method.

CoS2/g-C3N4 TEOA 1.2 hydrothermal 12 [104]
method.

plasmonic TEOA 0.33 Hydrothermal 18 [105]

Ag@CoFe;04/g-

CsNa.

2% Co2P/RP Na2S/Na;SOz | 5.9 Hydrothermal 12 [106]
method

CdS/CoOx core- Na2S/NaxSOz | 3.5 Impregnation and 50 [107]

shell NRs calcination

CdS/CoO 6.45 Hydrothermal 24 [108]
method

CZS/M-Co0-1.5% | Na2S/Na,SOs3 | 1.78 Hydrothermal 24 [109]
method.

Mno2CdosS/M0S2/ | NaxS/Na SOs | 16.4 Solvothermal. 30 [110]

Cos30

3% Na,S/Na,SOz | 17 Hydrothermal. 8 [111]

NiC0204 /Mng.05Cdo

955

CoO/NiCo-LDH Na,S/NaSO3 | 1.5 Hydrothermal 24 [112]
method

CdS (QD)/Co9Ss Na>S/Na SOs3 | 1.06 Hydrothermal. - [113]
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Mo0S2/C0304 Na>S/Na;SOz | 3.8 hydrothermal 20 [114]
method.

PtsCo/CdS (NH4)2S0s 45.09 Solvothermal & 18 [115]
hydrothermal

Co(dcbpy)2(NCS)2/ | Not specify 0.3 Hydrothermal and | 36 [116]

CQDs/CN heating

CozP/CdS NA 262.1 Ultrasonication and | 24 [117]
stirring.

NiCoP/g-C3sNs-3 NA 0.07 Thermal 4 [118]
pyritization

Coo.ssSe (1.5 wt NA 0.7 Solvothermal - [119]

%)/Cdo.5Zno5S

AUNP@CoTPyP No SA 3.21 Colloid mixing - [95]

(CoOx)- (AgTaO3) | No SA 0.075 Hydrothermal and | - [120]
Photo deposition

Co0304/CdS/SrTiO3 | No SA 0.9 Hydrothermal- - [121]
chemical-photo
deposition method.

Pd/Ir/ CoOx No SA 0.008 Cross-coupling - [122]
reaction

Plasmonic ZrN- No SA 32.44 Calcination - [123]

CoOx

Plasmonic CuCo NA SA 0.07 Hydrothermal 2 [124]

Plasmonic CuCo No SA 0.078 Hydrothermal 4 [125]

2.4 MoS,Bulk and MoS,QD

MoS: is a transition metal dichalcogenide (TMD), that has been investigated as a promising

material in recent years due to its inherent chemical, electronic, optical properties, high mobility

and effective surface area [21, 22]. MoS, TMD is formed as a sandwich like structure with a layer

of Molybdenum (+4) lies between 2 layers of sulfur (-2) as S-Mo-S and these layers are bonded

together by Van der Waal forces [126]. Two main phases of MoS; are observed, first is the 1T

phase characterised by an octahedral coordination structure of molybdenum (Mo) and sulfur (S)

atoms and while the second is 2H that has a trigonal prismatic structure as shown in the Figure 7
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[127, 128]. In its monolayer form, MoS; demonstrate a direct band gap of 1.8 eV, although this
can be tuned by varying the interlayer spacing [23]. The metastable 1T phase is particularly
noteworthy for its catalytic properties for HER because of its reactive basal planes and strong
binding affinity of S atom and surface covalent functionalization [129]. Particularly, the binding
potential towards hydrogen atom of the MoS, 1T nano sheet along with the improved charge
transfer Kinetics and surface activity overall contributes towards the HER reaction [129]. This is
in contrast to 2H MoS; sheets, where the catalytic activity is associated to the edges, not the basal

plane, thus 1T phase has a sight advantage for the HER reaction [130].

A promising future trend discussed in the previous sections is the used of MoS.QD for
HER application which processes a unique strong quantum confinement limited to QDs, and MoS>
properties are carried along like edge effect and a direct bandgap. MoS.QD showcases all the
advantageous properties of QDs discussed above like surface area to volume ratio, excellent
electrical conductivity adds large active edge sites, owing to these properties MoS, QD promising
material to enhance HER [130, 131]. Its quantum confinement effect enhances the photon response

that results in improving the photoluminescence (PL) properties of the base photocatalyst [132].

In MoS2 QD, quantum confinement arise due to the conjugated n-domains that alongside
acts as a centre of the PL and also small dielectric constant and week spin orbit coupling [133].
This size alteration of MoS2QD results in the increment of photoluminescence properties [134].
Wen Qiao et al., 2015 demonstrated that, the MoS, QD when compared to MoS; nano sheets
exhibited higher HER activity [135]. Thus, MoS; is a promising material for HER reactions as

both bulk and monolayer QD configuration.
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Figure 7: The crystal structure of MoS,. Two phase of MoS2 (H phase and T phase) side and top
view [128].

2.5 Z-scheme heterojunction for Cobalt oxide and Molybdenum disulfide

The enhancement in the performance of photocatalysts is governed by the synthesis of an efficient
heterojunction, which are the interfaces developed between multiple photocatalyst materials
resulting in different band structures [136]. As a result of this interface, the heterojunction
promotes electron and hole and inter-catalyst migration, and charge separation thus enhancing the
photocatalytic performance [137]. Heterojunction were proposed to mitigate the limitations of
single semiconductor photocatalyst used for water splitting that simultaneously produced
hydrogen and oxygen by having two active sites within the one semiconductor material. However
their performance was greatly limited due to electron and hole recombination within the single
semiconductor material that can either be by pathway 1 (surface recombination) or pathway 2 (bulk

recombination) showed previously in the Figure 6 [137]. The proposed Z-scheme heterojunction
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consist of two semiconductor materials (I and 1) consisting of different band gaps where the first
act as an electron donor and the second as an electron acceptor semiconductor shown in Figure 8
[138]. The mechanism of Z-scheme heterojunction comprises of active boundary sites that involve
electron transfer between the semiconductors with and without the presence of electron mediator
[139]. Particularly, after the generation of electrons and holes in each semiconductor, the electrons
migrate from conduction band of the first photocatalyst (cobalt oxide, 1) to the valence band of the
second photocatalyst (MoSz, I1) forming a stable electron-hole recombination. This leaves pairs of
electrons in conduction band of the semiconductor I, and these are the reducing sites for hydrogen
evolution. Also for semiconductor | at the valence band, the holes act as oxidation sites for oxygen
evolution [140]. Due to this mechanism, Z-scheme heterojunction shows prominent advantages
like the enhancement of redox potential, increased light harvesting because of their so formed
newer band structure [141], and finally, the charge transfer is more favourable owing to its

electrostatic attraction between electrons and holes at the migration sites [137].

Figure 8: Z-scheme heterojunction of cobalt oxide and MoS, and charge transfer between two

semiconductor photocatalyst
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2.6 Microwave irradiation for synthesis

Metal oxides and metal chalcogenide semiconductor materials are synthesised conventionally by
solvothermal and hydrothermal method. These methods involve high temperature and pressure
conditions (temperature range from 600°C to 1200°C and pressure conditions are around 50
bars)for extended periods (12-24 hours) as a result, large amount of energy is consumed in the
synthesis process and adding up to the operational cost. This limitation can be overcome by
employing modern microwave synthesise technology. In principle, microwave are electromagnetic
fields it has a frequency between 300 MHz and 300 GHz and the wavelength of 1 mm to 1m,
respectively [142]. A schematic of microwave reactor and the sample generating heat from the
core is shown in Figure 9. These electromagnetic fields can be divided into two sections 1. electric
and 2. magnetic. Electric component of the electromagnetic waves is responsible for heating of the
material. The heating operates by two mechanisms 1. dipole polarization and 2. ion conduction
[143]. Unlike the conventional heating, which relies on conduction for heat transfer, microwave
involves a direct energy conversion to thermal energy from electromagnetic waves. The
microwave energy is supplied to the material and heat can be created uniformly throughout the
volume of the reaction mixture resulting as volumetric heating [143, 144]. Only the reaction
mixture is heated while the microwave reactor chamber remains at ambient temperature. Not only
volumetric heating but, microwave offers advantages such as selective heating, quick initiation
and termination of the synthesis process, non-contact heating of the material, reduced synthesis
times thus reducing the operation cost [143, 145]. Additionally, microwave irradiation technique

can provide precise control over heating rate.
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For example, Wilson et al., [146] compare the formulation of TiO using a traditional
hydrothermal and microwave method and finding that microwave showed higher crystallinity with
reduced energy and time. Similarly, Yap et al., [147] observed change in the morphology of CuO
crystals by using microwave over hydrothermal. Recently Huang et al., [148] synthesised cobalt
based MOF catalyst by using microwave for just 60 seconds of irradiation, MOF showed strong
electrocatalytic performance for HER and OERs. The advantage of using microwave strategy as it

consumed only 0.37% of energy as compared to conventional pyrolysis method [148].

The above studies demonstrate that the use of microwave provides flexibility and
controlled over synthesis parameters that influence the properties of nanomaterials. This is
especially advantageous in photocatalysis because the nano material properties significantly
impact the catalytic performance of the material. Therefore, the hypothesis for choosing
microwave irradiation for synthesis of the cobalt oxide and molybdenum disulfide is that
microwave will initiate different reaction kinetics and pathways that can lead to unique physical
properties like shape, size, morphology, and chemical structure like bonding and electronic states

that can strongly result to a better photocatalytic performance for HER.
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Figure 9: Microwave reactor with heated sample vial (red colour is the most heated part) after

absorbing microwaves.

2.7 Sacrificial agents — Significance and advantage

Sacrificial agent (SA) play a crucial role in overall water splitting process as they serve as an
electron acceptor and/or donor that allows efficient quenching and charge transfer within the
semiconductor photocatalyst [24]. Photocatalytic water splitting faces thermodynamic barriers like
the high energy conditions to drive the reaction that has sufficiently larger thermodynamic
potential [149]. This can be overcome by using sacrificial agent which is one of the primary
advantages. For instance, when water is the sole reactant along with the photocatalyst, ideally the
electrons and holes participate in water splitting. This scheme is partially advantageous due to a
simplicity and the environmentally friendly process as no subordinate chemicals are involved.

However, this system has significant challenges that includes slower Kinetics as water splitting is
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an uphill process (AG = 285.5 KJ mol—1) than a spontaneous one as discussed in the Chapter 2,
section 2.1.3. Thus, resulting in lower efficiency that is a major concern, so it requires a reduction
in the redox potential to be governed effectively. When the electron and holes are generated, due
to the random migration, the rate of recombination is high. These challenges limit the hydrogen
production rate for pure water however the use of SA can guide the charge migration to the surface,
quench the electrons or holes and hinder the recombination rate. Therefore, the use of sacrificial

agent is highly critical for a feasible and commercial approach towards water splitting.

Addition of SA as an electron donor facilitates the electrons to produce hydrogen that is
the half reaction. On the contrary, it can simultaneously quenches the generated holes and reduce
oxidation reaction that is the other half of the water splitting reaction to limit the recombination
[25]. SA can be categorised as inorganic and organic. For the organic, ethylene diamine tetra acetic
acid (EDTA), lactic acid, and a few alcohols such as ethanol and methanol are commonly used.
However, the alcohols are valuable industrial products as an industrial fuel thus using them can
outweigh the gain [150]. Along with that, Triethanolamine (TEOA) can be used as an effective
sacrificial agent. On the other hand, inorganic sacrificial agent containing inorganic ions that can
effectively be used, for example SO3%/S%. Sulfides based SA are a common pollutant as a
byproduct in hydrogenation and flue gas desulfurization industry this can be economical to be
employed. The advantage here is the holes in the valence band will oxidise both S? and SO3? to
form S;> and SO4>. Further, the S;% will react with SO4* to form S? and S,0s% this whole
oxidisation reaction will continue until the complete consumption of sacrificial agent. The
comprehensive multi step mechanism for both SA system is show in Figure 10. However, for this

research, the use of sulfur ion-based SA will inhibit the defect formation at the sulfur site for the
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MoS> co-catalyst. Thus, protecting the overall structural integrity of the photocatalyst and

meanwhile S,03> does have limited adverse effect on the photocatalysis performance [150, 151].

In summary, SA plays serve a crucial role in water splitting. Firstly, they act as hole scavenger
preventing charge recombination. Secondly, they serve lower redox potential than pure water
which facilitates the dissociation process. Thirdly, the presence of complimentary ion contributing
sacrificial agent can improve photocatalyst dispersion stabilise and improve stability thus
preventing the deactivation in case of S ions. Therefore, an effective selection of sacrificial agent
which compliments the chemical properties of the photocatalyst is the performance determining
step in the overall photocatalysis. Hence, another hypothesis regarding the comparative approach
and the choice of sacrificial agent between organic or inorganic sacrificial agent will impact the
effectiveness of the photocatalyst. So, in our study we used two sacrificial agents 1. 9:1 (v/v)
water/TEOA and 2. Mixture of 1.25 M Na.S + 1.75 M Na>SOs to test our photocatalyst and found
that the later produced higher hydrogen yield over TEOA. The hydrogen yield is discussed in the

respective chapters to refer.
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Therefore, in summary, the above literature review on cobalt based photocatalyst materials

present several gaps which will be addressed in this thesis presented in Chapters 3 to Chapters 5.

Gap 1: Reduction in the synthesis time for cobalt oxide that involves, and average for 21 hours

based on the data in Table 1, thus proposing microwave irradiation method (Chapter 3)

Gap 2: Enhancing the HER performance by investigating two sets of sacrificial agents (Chapter

4)

Gap 3: Mitigating electron — hole recombination phenomena in cobalt oxide that results in lower
HER production, thus proposing Z-Scheme heterojunction with MoS2bulk and MoS2QD

(Chapter 3, 4 and 5)
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Chapter 3. Microwave synthesised cobalt oxide and molybdenum disulfide quantum dots without
sacrificial agents.

These sections have been drafted to be submitted to Applied surface science. The corresponding
data is attached in the appendix section contributing to the methodology, experimentation results
and discussion on microwave synthesised cobalt oxide and molybdenum disulfide quantum dots
in absence of sacrificial agent. The importance of QDs as a future trend has been covered in this

manuscript.

Paper 1.
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Abstract:

This study investigated the hydrogen evolution rate (HER) of water splitting reaction by employing
rapid thermal microwave synthesized cobalt oxide and Molybdenum disulfide quantum dots
(MoS: QD ) photocatalysts under simulated sunlight. Cobalt oxide was modified with MoS, QD
to form a Z-scheme heterojunction leading to quantum confinement and photoluminescence effect.
The MoS>QD-modified cobalt oxide heterojunction achieved a hydrogen evolution reaction (HER)
of 1.3 pmol hg™ and 1.8 umol h'tg* unassisted by a sacrificial agent for modified photocatalyst
0.5QD1p and 1QD1p respectively, which is a performance enhancement of 16.2 and 22.5 times
compared to the unmodified photocatalysts 0.07 pmol hg™ (cobalt oxide) and 0.08 umol h'g™
(M0S2QD). The combined quantum confinement and photoluminescence effects increased the
effective charge separation, reduced band gap energy, improved light absorption, and changed
electronic and chemical properties. This study provides insight towards modern rapid thermal
routes compared to conventional hydrothermal and solvothermal techniques to synthesize

photocatalyst semiconductors for hydrogen generation.
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1. Introduction.

Due to its high combustion value, hydrogen has been recognized as a green and zero pollution-
causing future fuel utilized in numerous applications, from powering automobiles to heavy
industry applications [152]. The industrial scale production of hydrogen currently relies on fossil
fuel based feedstocks using mature technologies like hydrocarbon steam reforming [153].
However, due to global environmental concerns and energy security, alternative hydrogen
production methods from sustainable sources are actively pursued in research and development
worldwide. Water splitting reaction is one of the promising avenues that can be technically
achieved with a scale by 1. Electrochemical or 2. Photocatalysis method. [153]. However, both
technologies still suffer from several technical challenges including low HER efficiency, material
instability, and energy supply, storage and management strategies are areas where research is
actively seeking to improve. Nevertheless, photocatalytic water splitting is becoming increasingly
popular because of its high feasibility and ease of operation as it relies only on water and solar

energy as the input and a semiconductor photocatalyst.

Amongst the semiconductors, cobalt oxides possess a narrowed band gap and excellent capability
of absorbing light in the ultraviolet, visible, and near-infrared region light spectrum [154].
Moreover, water oxidation reaction efficiency is enhanced by its optical and electrochemical
properties that are mainly attributed to its Co?* and Co®* oxidation species in tetrahedral and
octahedral positions and its diverse morphological phases such as Coz04, CoO, Co0-, C0.03 and
cobalt oxalates [99, 155]. The current state-of-the-art focuses on enhancing the light absorption
capture efficiency and reducing the charge recombination effects in the cobalt oxide photocatalysts

by incorporating modifiers or a co-catalyst to address these fundamental challenges [156].
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The use of quantum dots (QD) as a co-catalyst for HER has spiked research interests. QDs are
semiconductor materials whose size lies under 10 nm and they exhibit unique characteristics
including size tunable bandgap, large surface area, quantum confinement, and excitation
photoluminescence [157]. For instance, plasmonic Silver (Ag) nanomaterials were used as
combination as Ag@CoFe.04/g-C3N4 [105] with Triethanolamine and Pt/AgTao.7Nbo303/Co-
Pi [94] complex photocatalyst with 20% v/v methanol was used that yielded 33.5 pmolg! h™* and
12.5 pmolg! h* respectively. Due to this, they can absorb a broader range of wavelengths from
UV, Vis to NIR region, promote increased light absorption of the base catalyst, and sustained

charge migration by reducing the possibilities of electron-hole recombination [158].

The use of noble metal QDs utilizing Ru, Pt, Pd, Ag, and Au have been a prevalent choice in HER
as a co-catalyst. Nonetheless, their applicability is limited by both scarce availability and high cost.
Thus, on the research endeavor the necessity for exploring alternative commonly available and

economically viable non noble QDs for this purpose is the growing need [159].

Recently, molybdenum disulfide (MoS.) has been studied for HER as a standalone or a co-catalyst
[160]. Its multilayer configuration has a sandwich-like structure (S-Mo-S) that features a direct
band gap of 1.9 eV, allowing its efficient utilization in visible light spectrum [161]. Notably, the
sulfur atom at the edge sites has a strong affinity towards hydrogen and besides this, MoS2
possesses a negative redox potential compared to H+/H2, thus favoring HER [161, 162]. There are
several advantages of using QDs over bulk MoS; such as a larger surface area contributing to the
increase active sites, edge effect, quantum confinement effect and excellent optical properties like
photoluminescence (Figure 11 (b) shows the photoluminescence effect under 320 nm light source).

As a result, these properties leads to quantized energy levels, enhancements in the electron-holes
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charge transfer, carrier mobility and charge separation efficiency rendering MoS2QD an effective

co-catalyst for HER [131].

Figure 11 L-R, Microwave synthesized QD (a), and QD showing photoluminescence effect under

320nm light (b).

The application of microwave heating technology is becoming a reliable modern technology in
material synthesis. Unlike conventional heating technigques, microwave offers an efficient and
uniform heat profile within the sample that contrasts with the heat transfer from container walls to
the sample as observed in conventional heating [163]. Another distinctive benefit of microwave is
its immediate quenching effect upon stopping the magnetron power that contributes to forming
metastable reaction products enhancing the overall material properties [164]. As shown in Figure
12, microwave and conventional techniques' heating dynamics demonstrate notable contrast.
Initially, from the starting point t1 to t3, a rapid temperature rise is demonstrated in the microwave

profile however, at t3 the comparative heating for conventional technique is significantly lower.
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These heating profiles underscore the microwave technique's potential in reaching higher

temperatures in shorter reaction time.

Hot

‘ ‘— Microwave
—

. ‘ _ Conduction
t1 t2 t3

Time

Temperature

Figure 12 The temperature profile vs. time of microwave and conduction heating at different

points in time.

Recent research finding support efficacy of the reduction in reaction time and temperature by using
microwave for metal oxides like, La;—SrxC00s, LiossLaoss 103, and cobalt oxide [165, 166]. An
illustrative example that highlights the enhanced photocatalytic properties of a-Fe2Oz when
synthesized using microwave as compared to conventional heating is studied by Saremi et al.,
(2013) [167]. According to this research, the reason for improved performance includes the
accelerated reaction kinetic that resulted in unique bond formation leading to enhanced structural
stability. The purity of the final product is influenced by magnetron power that is proportional to
the heating rate thus faster reaction kinetic produces purer products [168]. Another component to
expedite the synthesis process is the use of polyvinyl alcohol (PVA) as a precursor that played a
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critical role in altering the cobalt oxide’s chemical and morphological properties. PVA being
characterized by it semi-crystalline nature initially it acts as a template for guiding the shape and
size during the nucleation process [169, 170]. In our case it resulted information of both rode and
sphere like structures. Then influencing the crystal formation through impacting the crystallization
kinetics that accelerates the synthesis of the photocatalyst [171] And lastly, it served as a linking
agent that bridges the base and co-catalyst thus enhancing the overall stability of the heterojunction

[170].

In this study the use of microwave technique is explored for the synthesis of cobalt oxide and
MoS,QD that represents a significant novelty. The unmodified consisting of varying PVA
concentration (0.5 — 2wt%.) and modified Z-scheme heterojunction photocatalyst with different

QD concentrations was evaluated for HER without sacrificial agents.
2. Experimental section.
2.1 Materials.

Unless specified otherwise, all chemicals were purchased and used as received from Sigma
Aldrich. Cobalt oxide (99.5% trace metal basis) <50 nm particle size, Cobalt nitrate hexahydrate
(ACS reagent, > 98%), potassium oxalate monohydrate (ACS reagent, 99%), Polyvinyl alcohol
(99+% hydrolyzed), sodium hydroxide (reagent grade, >98%), Ammonium tetra-thiomolybdate
(99.97% trace metals basis), Hydrazine hydrate (reagent grade, N2Ha 50-60 %), and Ethanol (ACS
reagent, >99.5%) was diluted with DI water to make a 50% v/v ratio, Triethanolamine

(purity>99.0%) were used.
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2.2 Material Characterization.

Powder X-ray diffraction (XRD) patterns were recorded by PANalytical X’Pert3 powder
diffraction. For which the d -spacing was calculated using the Bragg’s Law formula, A = 2d sin 6,
where A is the wavelength (1.54 A for Cu Ka) [172]. UV-Vis-NIR Spectrophotometer UV-3600
with triple detectors from Shimadzu was used for light absorbance spectroscopy. CHI
electrochemical workstation (532 nm laser) apparatus with 3 electrode system and a 0.5 M Na>SO4
electrolyte and a Ag/AgCI electrolyte was used for photoluminescence. Nicolet 6700 FTIR
Spectrometer from Thermo Fisher and the spectra was collected at a resolution of 4 cm™ between
500 — 4000 cm™* for functional group identification. Thermo Fisher K-Alpha+ XPS/UPS were used

for the chemical composition of the photocatalyst.
2.3 Microwave-assisted Cobalt Oxide Synthesis

The stoichiometric equivalent of 30 mL of 2 M Co(NOs):H20 and to that of 30 mL of 2 M K2C204
solution was added dropwise and stirred for 15 minutes at 500 rpm for uniform mixing. Then, 90
mL of PVA suspension (0.5, 1, 1.5, 2 wt% i.e., 0.075, 0.15, 0.225 and 0.3 M PVA,) was added
with stirring for 10 minutes, followed by the addition of 1.2 mL of 1M NaOH solution and stirred
for 5 minutes. The final suspension was reacted for 2 minutes under microwave irradiation using
900 Watts (W) and 200°C. The rationale behind using these modified specific ratios is the
occurrence in of the early papers in MW technology mentioned in the work by Ai, Lun Homng et.
al (2009) [173] where they worked on the early MW technology and synthesised cutting egde
research that reduced the cobalt oxide’s synthesis time to 2 minutes and further by Kandu et. al
(2013) [174] where they investigated the effect of PVA on the shape and size of the cobalt oxide
nanomaterials. By combining both the studies, we were able to synthesis and select the most

desired and best performing cobalt oxide nanomaterial.
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Figure 13 (a) shows the microwave setup that includes the manufacturer as Milstone and model
name as EthosOne with a produced gas exhaust at the top and the whole system is powered by

2500 W magnetron. The
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Figure 13 (b) represents the vials that hold the chemicals. The main components are the out covering
that houses the inner polyethylene 100 ml tube. This vial is also equipped with a temperature and
pressure probe. The experiments were carried out in a lead closed state, however, air was not

vacuumed nor it was replaced with other gas.

Figure 13 Microwave setup.

The final solution with cobalt oxide nanomaterials was centrifuged at 5000 rpm for 5 minutes and

the product was washed 3 times with drying at 60 °C overnight.

2.4 Microwave-assisted MoSz Quantum Dot Synthesis

The synthesis process was adopted from a previously reported article [175], where 0.05 g of
ammonium tetrathiomolybdate ((NH4)2Mo0Ss) powder was added to 20 mL, 50% v/v ethanol
solution and stirred for 1 hour. Then 1 mL hydrazine hydrate (HsN20O) was added and stirred for 5

mins and this solution was reacted under microwave at 1000W, 200°C, for 10 minutes. The
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obtained solution was centrifuged at 5000 rpm for 5 minutes and then the obtained quantum dots

were washed with 50% ethanol solution 3 times and dried at 60°C overnight.

2.5 Preparation of Z-scheme heterojunction of Cobalt oxide and MoS2 Quantum dots.

To prepare heterojunction with  MoS>QD, cobalt oxide containing varying PVA concentration
were weighed and added in 100 mL ethanol respectively and to that, a corresponding amount of
Mo0S:QD was added to make the respective heterojunctions, 0.5, 1.0, 1.5 wt% MoS,. This
suspension was stirred for 24 hours at 500 rpm and later centrifuged and dried at 60 °C overnight.
Table 2 below represents the photocatalyst matrix with varying PVA and QD concentrations. In
Table 2, ‘p’ corresponds to PVA concentration and ‘QD’ corresponds to MoS2QD concentration.

Catalyst matrix with varying PVA concentration and varying QD concentration.

Table 2 The photocatalytic matrix with varying PVA concentration and QD to denote definite the

heterojunctions.

Sample Code MoS2 QD (wt%) PVA (wt%)
Commercial Co304 - -
QD 1 0
0.5p 0 0.5
1p 1
1.5p 1.5
2p 2
0.5QD1p 0.5 1
1QD1p 1
1.5QD1p 1.5
1QD0.5p 1 0.5
1QD1p 1
1QD1.5p 15
1QD2p 2

2.6 Photocatalytic measurement.
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The customized online gas analysis setup used is shown in Figure 14. In a typical water splitting
experiment, 50 mg of the photocatalyst was dispersed in a borosilicate glass reactor with a quartz
window on the top filled with 100 mL deionized water at 25°C and atmospheric pressure. The light
irradiation time was fixed at 12 hours and the produced gas was measured after the experiment.
The produced gas was passed through a cooling chamber to capture the moisture and then analyzed
by an Agilent micro-GC (Varian 490) with a thermal conductivity detector (TCD, 5 A molecular
sieve column). A mass flow controller (Alicat USA) was used to flow 30 SCCM of Argon as a
sweep gas was passed through the glass reactor to carry the generated gasses to the GC for analysis.

A 300 W Xenon light bulb (xh400) sourced from Aulight China, fitted with a filter (A <420) was

used for photocatalytic reaction.

_ Il

Gas
Chromatograph

Figure 14 Customized online hydrogen gas reactor (quartz on the top) with a moisture trap to

absorb water before entering the GC.

3. Results and discussions.
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3.1 HER performance of the synthesised cobalt oxide and MoS: heterojuntion:

Sigma Aldrich source commercial cobalt oxide, Co304 was used as the comparison catalyst. The
hydrogen production of 0.04 pmol hg? was recorded for the CosO4 photocatalyst. In the
unmodified cobalt oxide PVA series, 0.5p and 1p outperformed the commercial sigma
photocatalyst with hydrogen production of 0.06 umol h™ g™ & 0.08 pmol h™g™* while the 1.5p and
2p photocatalyst lower yield as shown in Figure 15 (a). In the first PVA series 1p outperformed
the rest of the unmodified photocatalyst samples, which was then used as a base photocatalyst for
further modifications with different concentrations of QD. An overall increment in the hydrogen
production rate is recorded for all modified heterojunction samples as compared to unmodified.
The following experiment tested the series depicted in Figure 15 (b), which involved varying the
concentration of QDs., initially 0.5QD1p showed increased performance with 1.3 pmol h'g?
which is 16.2 times high over unmodified 1p and the highest recorded value for 1QD1p was 1.8
umol h'tg® which is 22.5 times increase in hydrogen production rate. However, for 1.5QD1p the
higher concentration of QD showed a negative effect where the QDs acted as the recombination
sites thus reducing the HER vyield. Here, the pure QD performed lowest with the value of 0.07
umol h'g™. In the second series of experiments the highest yielding exemplified by 1QD1p was
tested against varying concentrations of PVA as shown in Figure 15 (c). Interestingly, the trend
mirrored the observations from the unmodified PVA series where 1p sample constantly

outperformed the other PVA samples.

The lower hydrogen production of all unmodified photocatalysts is attributed to the cobalt oxide’s
affinity towards electron hole recombination, potential oxidation photocatalyst and limited light
spectrum absorbance. However, the pure QD also presumably suffered from rapid electron hole

recombination, so it was concluded that the standalone cobalt oxide and QD do not show
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comparable results as modified photocatalyst. This indicates that synthesized Z-Scheme
heterojunction can overcome the limitations of standalone photocatalyst by possessing better
electron hole recombination properties. The migration of the electrons from the conduction band
of the cobalt oxide to the valance band of the QD is driven by the difference in their redox potential.
Also, improved optical properties for both light absorption and narrowing of the band gap by 0.05
eV for the modified samples. Along with that the change in the electronic properties by increases
Co°%* species, and lattice compression shown in XPS and XRD analysis respectively. These listed

observations will be discussed below in the relevant analysis sections.
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Figure 15. Hydrogen evolution performance for unmodified and modified photocatalyst along with

PL spectra. (Left to right) unmodified cobalt oxide with comparison commercial cobalt oxide

(Co304) (a) where the use of commercial photocatalyst lays a ground for comparison to the

synthesised photocatalyst, Figure (b, 1p is chosen to be the best photocatalyst in the unmodified

series and further modified with varying QD Concentration along with pure QD where 1QD1p

outperformed. Figure (c) depicts the 1QD modifications with the unmodified series to investigate

the effect of 1QD on other concentrations of PVA in series 1. The error bars in (c) is reported as

a function of mean and standard deviation based on 3 sets of experiments.

60



3.1 Photoluminescence (PL)

The PL technique is employed to investigate the photocatalyst's charge separation and electronic-
hole combination characteristics. In Figure 15 (d), the QD modification has increased the charge
separation efficiency in the heterojunction that is due to the quantum confinement effect,
photoluminescence and the formation of Z-scheme heterojunction compared to unmodified 1p
[176]. A blue shift of ~<15nm and an overall peak broadening is observed from 650 nm to 725 nm
in the modified samples. The PL intensity increment is in the order of 1QD1p < 1.5QD1p <
0.5QD1p <1p. So, we can conclude that 1QD1p has the lowest charge recombination rate and this
analysis is well translated to its highest performance for HER. Another conclusion is that
increasing the concentration from 1QD to 1.5QD decreases the charge separation because the
addition QD acts as a site for exciton recombination rather than adding more electrons-holes,
which is also evident in HER performance [30]. Thus, 1QD is the optimum doping amount that is

beneficial for the catalyst performance reviewed hereinafter.

3.2UV VisNIR

The optical study covers the light spectrum from 200 nm to 1600 nm. Figure 16 shows the photo-
response of unmodified 1p and modified heterojunction. The unmodified and modified samples
show a wide light absorption spectrum from 200 to 1600 nm with varying intensity as a general
observation. A sharp slope at 340 nm is due to the band gap transition of cobalt oxide with another
minor slope at 560 nm that can be attributed to varying structural morphology (rod and spear),
confirmed by the SEM image (Figure 23). A decrease in intensity is seen within the range of 800
to 1000 nm, followed by a successive increase as the spectra extended to the near-infrared region
between 1000 — 1600 nm. Modification with QDs has enhanced the light absorbance, and a

pronounced a blue shift is prominently evident within 400-750 nm range. This shift can be
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attributed to the quantum confinement and edge effect inherent of QD size thus reducing the
interlayer coupling [177, 178]. This observation underlines that the QD’s size has impacted the
optical properties of 1p photocatalyst. The light spectrum of 1QD1p initially showed lower light
absorption in the lower UV region than 1p. However, beyond the 320 nm range, there was an
evident increase in light absorbance, into the visible range and extending to the near-infrared (NIR)
region. Certainly, the lower absorbance in the UV range is not likely to impact the HER because
the employed light source is equipped with a filter limiting the wavelength below 420 nm. The
extended spectra in the NIR region can be attributed to thermal effects arising from the
photoluminescence and quantum confinement phenomenon [179]. This then results in producing
more electrons in proportion to the light absorbed that are beneficial for HER [180]. The light
absorbance spectra of 1.5QD1p showed the highest light absorbance, but its performance is limited

by electron-hole recombination property that is inferred from the PL analysis.

The band gap of the samples were calculated using Tauc formula where the linear relation (ahv)"2
against hv was plotted. The band gap of 1p was calculated to be 3.41 eV, which narrows to 3.36
eV upon QD modification. This reduced band gap may be attributed to the facilitated charge
exchange from O?* to Co® facilitated by the induced quantum confinement effect [181]. This
narrowing of the band gap is extremely advantageous as it implies that the heterojunction can
effectively harness a broad range of the light spectrum, thus enhancing the generation of photo-
excitons [182]. When combined with the PL analysis, these derived observations, particularly for
1QD1p, provide valuable insights on comprehending that the heterojunction not only absorbs a
superior amount of light but also facilitates an enhanced charge separation and critically

contributes to higher overall performance.
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Figure 16 UV Vis NIR absorbance spectra {insets change in band gap of 1p (black colour) and

1QD1p (blue colour) showing the reduced band gap energy.

The XRD spectra of unmodified 1p sample is shown in Figure 17 (a) that has two major cobalt
peaks observed at 18.7° 20 and 19.1° 20. Specifically, the peak at 19.1° 20 associated to (111)
plane is complimented by a minor peak at 33.9° 26 (440) indicating the monoclinic structure for
cobalt oxide (Co304) [183, 184]. Furthermore, the remaining major peaks at 18.7° 260,

complimented by 30.3° 20 and 35.0° 26 corresponds to the orthorhombic crystalline structure of
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cobalt oxalate. [185, 186]. In addition to the above cobalt peaks we also observed PVA
characteristic peaks at 22.8° 26 and 40.4° 20 [187]. The semicrystalline PVA peak range is 20° 20
to 30° 26 but because of the overlapping by the obvious cobalt peaks, the PVA peaks are
superimposed, however the presence of shoulder peak at 22.8° 26 confirms the presence of PVA
[188, 189]. After the modifications, it is noted that the peak position remains unchanged. Also, the
MoS: characteristics peaks remain undetected upon introducing QD which is reasonable because
of the absence of constructive interference within the formed crystals [190]. Notably, the lattice
peak at 19.1° 26 (111) has been compressed from 6.33 A to 6.05 A after modification. This lattice
shrinkage is due to the addition of smaller sized QD (Figure 24) [191]. The XRD spectra of

commercial Co304 and MoS2QD is shown in Figure 25.
3.4 X-ray photoelectron spectroscopy (XPS)

The XPS was used to investigate the surface chemical composition of the photocatalyst sample.
The survey spectrum confirms the existence of cobalt, oxygen, molybdenum, and sulfur shown in
supplementary data S6. After modification, the Co2p spectra exhibited a 2 eV red shift depicted in
Figure 17 (b). This observation is evidence of the change in chemical environment and also in

electronic configuration in the cobalt species arising due to the modification by QD [192].

The Co2p spectrum identifies two distinct characteristic regions (Co2p 32 and Co2p 1/2) that are
separated by 15.5 eV. Between this range, the Co 2ps/, peak at 783.1 eV corresponds to Co** and
785.5 eV corresponds to Co?* [193]. These observed cobalt species can be attributed to either
cobalt oxide or cobalt oxalate where the cobalt bonding with the oxygen is in form of a carbonyl
species [193]. The later region of Co 2p1» was deconvoluted at 797.4 eV corresponding to Co®*
and 799.1 is corresponding to Co?* [194]. We observed two satellite peaks at 787 eV and 804 eV

shaded in yellow and cross lined well after the Co?* [195]. In this case, the presence of Co2p is
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associated with d electron that can be linked with the presence of oxygen in the vicinity, implying
the presence of either cobalt oxide or oxalate and both can contribute to the Co2p spectrum [196,
197]. The ratio of Co?*: Co®* species of the unmodified 1p sample were calculated as 1:4 and after
modification the Co®* species have been increased in its concentration to 1:3.5. In general, the Co®*
species exhibit higher reactivity and readiness to transfer charges as compared to the Co?*.
Furthermore, Co®* species can alter the photocatalyst's electronic structure, resulting in enhanced
performance [198]. The distinctive oxygen peak at 533.5 eV can be assigned to the hybridization
of oxygen O1s and this peak can be attributed to eighter cobalt oxide or oxalate but prominently
the Co-O bond likely be originating from the oxalate component [199, 200]. This observation
supports the results from XRD analysis that indicated the occurrence of mixed cobalt composite
of Co304 and cobalt oxalate. The peaks at 228.1 eV and 232.4 eV deconvolutes to represent Mo**
in its 3ds, and 3da oxidation states respectively [201]. Also the large observed peak at 235.2 eV
corresponds to Mo®* and the peak at 237 eV is a Mo-O satellite peak [202, 203]. This satellite
bonding peaks confirm the interaction between cobalt and MoS,. Whereas the S1p weak peaks
detected at 161.88 eV (S2ps2) and 162.9 eV (S2pu2) is showing the divalent sulfide ions [204] and

the larger peak at 169.9 attributes that the Sop bond structure that is formed as S-O bond [205].
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Figure 17 Chemical properties of photocatalyst. (a-f), XRD spectra for varying 1QD1p and 1p
sample (a), Co2p redshift for 1QD1p sample (b), deconvoluted Co2p 1QD1p (c), deconvoluted

O1s 1QD1p Molybdenum (d), deconvoluted Mo3d 1QD1p (e), deconvoluted S2p 1QD1p (f)

3.5 Fourier transform infrared spectra (FTIR):

The FT-IR spectra was used to study the functional groups in unmodified 1p and 1QD1p that is
shown in Figure 18. Also, the commercial CozO4 and M0S2QD are shown in Figure 22. For 1p
samples the bond group observed between 3230 cm™ - 3550 cm™ can associated to eighter an
amine functional or OH group, but noting the nature of the peak maxima at 3346 cm™ which is not
sharp as typical amine groups but is broad enough [206]. Thus, we confirm this peak as OH bond
along with a carbon shielded hydrogen atom from cobalt nitrate hexahydrate, one of the precursors
[206]. The two peaks at 1314 cm™ and 1358 cm™ are the alcohol group (-OH) from PVA [206]. A
strong peak at 1613 cm™ is a carbonyl function group present in potassium oxalate [206]. The two
distinctive cobalt oxide peaks at 587 cm™ , ~ 737 cm™ are indicative of cobalt oxide (Co-O) as
these peaks are linked to the stretching vibrational mode of Co*® and coordinates as octahedrally
metal ions [207, 208]. In addition a complimenting peak at 823 cm™ is associated with (O-C-O)
that indicates abridging oxalate group (orthorhombic) [209]. After modification, all the peaks show
heightened intensity and sharper profiles accompanied by minor shifts in the peaks due to the
change in the environment owing to the presence of QD. It is noteworthy to identify these changes,
but they are not significant enough to be claimed as a new bond however we observe two
noticeable changes. Firstly, a blueshift for the OH bonding at 3347 cm™ and an increased peak
height. This change is certainly due to the stirring process in the modification step involving
ethanol. The same effect was observed by Yimlamai et al., (2011) [210] where they observed the

bond stretching and peak enhancement around 1614 cm™ associated to the carbonyl group (H-O-
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H). for the 1QD1p sample, this peak corresponds to potassium oxalate along with the increment in

the peak at 3347 cm-1 associated with OH. The other main difference is observed in the

dissociation of 1380 cm™ peak, corresponding to the Co-O-H which experienced bond breakage,

creating a different Co bonding [211].
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Figure 18 FT-IR of unmodified 1p and 1QD1p cobalt oxide.

3.6 Transmission electron microscopy (TEM):

The morphology of the samples 1p and 1QD1p was studied using TEM that is shown in the Figure

19 along with selected area electron diffraction pattern (SAED). The Figure 19 (a) shows the
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agglomerated QDs that can be seen in the form of spheres and the attached insets is the elemental
mapping where trace molybdenum (Mo) and sulfur (S) is observed. The rod like structure of 1p to
which spherical QDs are physically attached can be seen in Figure 19 (b) and elemental mapping
of Co in Figure 19 (f). This attachment is likely attributed to van der Waals force of attraction
between the two surfaces [212]. Investigating this further, the elemental mapping shows the
presence of Mo and S elements confirming the existence of the QD in Figure 19 (d) and (e). The
Figure 19 (c) is the SAED pattern index the crystalline structure of 1QD1p where the diffraction
rings are sharper for crystal lattice 111 and 440 and presence of bright spots near plane 111 refers
to the metallic Co [213]. TEM of the other sample presented in the literature also agrees with the
reported size that is the average width to be around 80 nm to 270 nm and length may vary to several

microns [173, 174]
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Figure 19 TEM images. (L-R) (a) Pure MoS2 QD (EDX insects: Mo, S elements), (b)Modified
cobalt oxide (EDX insect: Co element (f)), (¢c) SAED for MoS2 QD, (d,e) EDX for modified cobalt

oxide showing S, Mo element.

3.7 Photocatalytic Mechanism:

The illustrative representation of charge migration and recombination pathways is shown in Figure
20 (a). In the unmodified 1p sample, a complex network of pathways exist that contributes to
undesired charge recombination due to the shorter distance between them and charge attraction.
This leads to the recombination phenomenon identified as surface and bulk recombination. This
phenomenon has significant implications as it consumes the electron and limits its interaction

towards reducing the water molecule, resulting in a reduction in the efficiency of the HER.
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Conversely, the modification with QD shown in Figure 20 (b) demonstrates the Z-Scheme
mechanism of enhanced charge separation. This is achieved by facilitating the charge migration
(e") by promoting the electron migration from the conduction band (CB) of 1p to the valance band
(VB) of the QD. This migration is facilitated by the favorable reduction potential of MoS;
compared to 1p (cobalt oxide) and additionally the presence of more active sites contributes
towards improved charge separation [214, 215]. Hence, it is reasonable to infer that the electrons
will predominantly travel to the QD rather than the opposing direction. That implies the interfacial
charge transfer operates from 1p to 1QD1p because of the Z-scheme mechanism. Therefore, it can
be concluded that the enhanced performance of the modified photocatalyst is the result of the

optimal interaction between QD and 1p [181].
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Figure 20 shows the 1p sample with various pathways of charge recombination (a) and the Z-

scheme heterojunction formed between QD and 1p (b).
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4. Conclusion:

The prepared Cobalt oxide and Mo0S.QD photocatalyst using microwave irradiation have
successfully demonstrated HER that outperformed the commercial source Sigma Aldrich C03Oa.
PVA has been proven beneficial as a template to optimise the base 1p sample owing to its
involvement in expediting the material synthesis process to a minimal of 2 minutes reaction time.
The modification strategy with QD and the formed Z-Scheme heterojunction have outperformed
the unmodified by 16.2 times (1.3 umol h'lg™) for 0.5QD1p and 22.5 times (1.8 umol h™g™?) for
1QD1p respectively. This enhancement is due to better light absorption, reduced band gap by 0.05
eV, enhanced electron and hole separation which is supported by the optical study (UV-Vis-NIR
and PL) respectively. Along with lattice compression shown in XRD and electrochemical changes
with increased concentration of reactive Co®* species supported by XPS analysis. This study has
generated empirical evidence of employing rapid microwave technique as a rapid and modern
approach towards the synthesis of nanomaterials that can add newer finding in the field of material

synthesis.
Credit authorship contribution statement

Upalee Labhane: Conceptualization; Data curation, Writing - original draft. Zelio Fusco:
Characterization, data analysis. Jia Ding: Data analysis. Yi-Chen Lin: Characterization, data
analysis, experimental design. Hashim Jalil Khan: Characterization, data analysis. Sarina
Sarina: writing review and editing, David Alam: reaction design, writing review and editing.
Sergio Londono: writing review and editing, Alejandro Montoya: writing review and editing,

David K. Wang: supervision, writing review, editing, funding acquisition.

Declaration of Competing Interest

72



The authors declare no competing financial interest.
Acknowledgement.

The authors gratefully acknowledge the financial support given by the Australian Research
Council (DP190101734) and Sydney Southeast Asia Centre Collaborative Research Grant. We
also acknowledge the facilities from Sydney Analytical and Australian Centre for Microscopy and

Microanalysis.

73



Supplementary information:
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Figure 21 S1 PL for Commercial Co304

Photoluminescence: Pure QD does not demonstrate any peaks due to its excitation lying within the
UV spectrum and the used PL laser source 550nm [216]. In contrast, commercial Co304 shows
photoluminescence spectra, that demonstrates the highest charge recombination. Commercial
Co0304 has a comparative narrow peak maxima around 700 nm range, with high PL intensity

compared to 1p sample.
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Figure 22 S2 FTIR Commercial Co304 and MoS2 QD

Microwave prepared MoS; has a characteristic peak at 660 nm, 889 nm, 1121 nm, 1416 nm and

commercial Co304 656 nm and 739 nm as characteristic cobalt peaks.



Figure 23 S3 SEM image showing rods and spheres.

SEM image (Figure 23 S3) shows the presence of rod shaped cobalt oxide and sphere like
agglomerated oxalates that consists of irregular shaped nanomaterials attached to each other at rare
ends and thus forming a sphere-shaped overall structure. this assumption is based on the fact that
the irregularity in the physical structure is attributed in amorphous nature and the rods are more
closely defined, confirming the crystallinity [217]. SEM observation is supported by XRD, where

we confirmed the as synthesized cobalt comprises of oxide and oxalates.

76



Figure 24 S4 lattice spacing of the modified 1QD 1p as it experiences the lattice change after

introducing QD that is evident in the brighter spot attached over the rod.
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Figure 25 S5. XRD pattern for Commercial Co304 and pure QD.

Figure 25 S5 shows Commercially sourced Sigma Adrich, Co304 shows peaks at 20 =19.1° 260,

31.24° 26, 36.9° 20, 59.5° 26, 65.4° 20 these peaks correspond to crystallographic planes (111),

(220), (311), (511), (440) that confirms the spinal Co304 cubic structure [218-220].
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Figure 26 S6 XPS survey for 1QD1p sample.

The survey spectra in the Figure S6 shows the presence of Co2p, O1s, Cls, Mo3d, S2p.
Also, the Carbon C1s reference peak was found to be at 284.8 eV for C-C bond and C-O-

Cat286eV.
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Chapter 4. Microwave synthesised cobalt oxide and sigma Adrich sourced mmolybdenum
disulfide bulk with two sets of sacrificial agents.

These sections have been submitted to the journal (Applied catalysis B: Environment and is under
review. The corresponding data is attached in the appendix section contributing to the
methodology, experimentation results and discussion on microwave synthesised cobalt oxide and
molybdenum disulfide bulk with two sacrificial agents 1. 9:1 (v/v) water/TEOA and 2. Mixture of
1.25 M NazS + 1.75 M Na>S0s. These manuscripts highlight the need of using SA in order to scale
up the hydrogen generation to commercialize the water splitting. Also, supports the finding that

both, MoS2Bulk and MoS2QD can be used for HER.
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Abstract

The hydrogen evolution reaction (HER) performance of molybdenum disulfide (MoS>)
incorporated cobalt oxide photocatalysts has been successfully synthesized using rapid thermal
microwave irradiation process. This study focuses on studying the effect of MoS: and sacrificial
agents using triethanolamine (TEOA), sodium sulfide (Na.S), and sodium sulfite (Na>SOs).
Increasing MoS> concentration from 0, 0.5 to 1.5 wt%, the HER performance of the doped 1.5
MoS2CoxOy and undoped CoxOy were 11.21 and 0.30 mmolg?h? respectively, while the
commercial CosO4 photocatalyst was 0.03 mmolgh? in TEOA. Similarly, the HER rate of the
photocatalyst under Na>S and Na,SOs as a sacrificial agent was 16.64 mmolg™h? for the 1.5
MoS,CoxOy, while for the undoped CoxOy (0.32 mmolg2h?) and the commercial Co3z04 (0.22
mmolg?h?), respectively. The increment is 37 and 52 times respectively. The significant
improvement of the HER performance was attributed to the changes in chemical and optical

properties of the MoS, modified CoxOy samples.

Keywords: Photocatalyst; Water splitting; Cobalt oxides; Molybdenum disulfide (Mo0S2);

Sacrificial agents.

1. Introduction.
Hydrogen is an ideal energy source due to its high combustion potential and minimal pollution
generation [152, 221]. It has a wide range of industrial applications, serving as a vital energy source
for vehicle fuel cells and fulfilling critical roles in industrial processes such as ammonia synthesis,
CO: hydrogenation, methanol production, electronics, and the semiconductor industry. Various
methods for hydrogen production have been explored, including electrolysis, thermo-catalysis, and

photocatalysis [222]. Among these, photocatalytic hydrogen evolution reaction by water splitting
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has become one of the most favourable pathways for achieving greener and more sustainable

hydrogen production [1, 4].

In a typical water-splitting reaction, a semiconductor is excited by photon absorption, generating
electrons and holes within the material. These charges are transferred to the surface of the
semiconductor in contact with water molecules. The photocatalyst must overcome the redox
potential as free energy change of water splitting, also known as the band gap energy (1.23 eV)
[223]. This is the minimum amount of energy required for a water molecule to split into hydrogen
(hydrogen evolution reaction, HER) and oxygen gas (oxygen evolution reaction, OER) shown in

Figure 1 [224].

Cobalt oxide has been used for oxygen evolution reactions (OER) as a standalone, but many
researchers have incorporated with Ni, Pt, Fe, and TiO to achieve HER or OER [225]. Owing to
its smaller bandgap, cobalt oxide can absorb light in the UV region (200 — 400 nm) similar to TiO»,
but can additionally absorb light in the visible wavelength range (400 — 700 nm)[226]. It has a
more stable structure which can show long lasting hydrogen evolution [227]. Moreover, it
possesses two main oxidation states (Co?" and Co*") which can form several morphological
phases into Co304, C0203, CoO, CoO2 and cobalt oxalate , which can be used in water-splitting
reactions [228]. Each phase can be tuned as an optimal heterojunction (modification) to achieve a
desired band gap semiconductor, capable of harvesting visible light and maintaining the charge
separation for higher water splitting [229]. However, the performance is limited by recombining
electrons and holes in the bulk material and the surface that is one of the limiting characteristic

also demonstrated in Figure 27 [230].
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CB

Cobalt oxide

Figure 27 Electron-hole generation and potential pathways via photocatalysis in cobalt oxide

nanomaterial.

Another main challenge of cobalt oxide photocatalyst is limited light absorption and active sites
for the generated charge to interact with a water molecule to split [231]. These limitations can be
overcome by doping cobalt oxide with a co-catalyst (N-type semiconductor) where cobalt oxide
performs as an electron donor (P-type) [232, 233]. For example, noble metals such as Platinum,
Iridium, gold, silver [85] or non-noble metals including Aluminium, Zinc, Nikel, Iron, Tin, and
Molybdenum [85, 233] have been successfully dopped with cobalt oxide photocatalysts
previously. Most notably Pt;Co/CdS has a hydrogen yield of 45.09 mmolh-g? after modification
with dealloyed PtsCo that resulted in the addition of active sites and sufficient separation of
electrons and holes [115]. Production rates of 20.65 mmolh*g? was reported for Co-

2TPABTz/Ag-NP due to the surface plasmonic resonance of the silver nanoparticles [98].
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Recent studies have shown that Molybdenum disulfide (MoS>) can be an alternative to noble
metals for efficient solar-to-hydrogen conversion, offering scalability and sustainability for
practical applications [190]. MoS; is a two-dimensional layered metal chalcogenide possessing a
direct band gap. Its beneficial properties such as high edge site owing to the layered structure
whereby the sulfur atoms have a strong affinity towards the hydrogen atoms and high surface area
making it optimal for HER [190]. Similarly to cobalt oxides, MoS; has two oxidation states

involving Mo (I11) and Mo (1V) that enables charge transfer from Mo** to Mo** for HER [234].

The use of MoS> with CoxOy photocatalyst in aqueous solution for light-induced photocatalysis
alone is insufficient for practical and commercial applications. Another important parameter in the
water splitting reaction is the presence of a sacrificial agent, which provides electrons and holes to
the photocatalyst and thus improves the performance. They also limit the side reaction and control
the electron-hole recombination (Figure 27, pathways 1 and 2) [235]. Sacrificial agents can be
categorized as electron donors or electron acceptors to generate hydrogen or oxygen gases as they
undergo oxidation or reduction in the water splitting reaction and promote the energy uphill
reaction AHo = 286 kJ mol™? [236]. A few examples are sodium oxalates, potassium persulfate,
silver nitrate, and methanol, ethanol, lactic acid, triethanolamine (TEOA), sodium sulfide (Na>S),

and sodium sulfite (Na2SQs) [237].

This work investigates cobalt-based photocatalysts synthesised by microwave irradiation and
modified with MoS2 in concentrations ranging from 0.5 to 1.5 wt% for aqueous-based hydrogen
evolution reaction. The effect of TEOA, Na.S, and Na,SOgz as sacrificial agents on hydrogen

generation from water-splitting reactions is elucidated.

2. Materials and Methodology

2.1 Materials
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Unless specified otherwise, all chemicals were purchased and used as received from Sigma
Aldrich. Molybdenum disulfide (reagent grade >98.0%), Cobalt oxide (99.5% trace metal basis)
<50 nm particle size, Cobalt nitrate hexahydrate (ACS reagent, > 98%), potassium oxalate
monohydrate (ACS reagent, 99%), poly (vinyl alcohol) (99+% hydrolysed), sodium hydroxide
(reagent grade, >98%), Ammonium tetra-thiomolybdate (99.97% trace metals basis), Hydrazine
hydrate (reagent grade, N2Hs 50-60 %), and Ethanol (ACS reagent, >99.5%), Triethanolamine
(purity>99.0%), Sodium sulfide (Na>S) and Sodium sulfite (Na2SOz) (ACS reagent, >98.0%) were

used.

2.2 Synthesis of pure cobalt oxide photocatalyst

Individual stock solutions for both cobalt nitrate hexahydrate and potassium oxalate were made in
100 mL with a concentration of 0.2M, respectively. Stoichiometric equivalent of each were
combined (30 mL) and K>C204 solution was added later dropwise. This solution was stirred for
15 minutes and then 90 mL suspension of PVA (0.5, 1.0, 1.5 and 2.0 wt.%) was added slowly
along with the stirring (varying grams of PVA powder was added to 100 mL of DI water and
stirred for 24 hours) [174]. This suspension was stirred for 15 minutes again, and 400 uL of 1M
NaOH was added. This was then transferred to a sample vial for MW irradiation (Microwave
Digestor, Ethos One from Milestone). Microwave synthesis of pure cobalt oxide photocatalyst was
carried out at 900 W, 200 °C for 2 minutes. The resulting cobalt nanopartitcle suspension was
centrifuged at 10,000 rpm for 10 minutes and washed with diethyl ether three times. The sample
was then dried in an oven at 60 °C overnight, and grinded into a powder by mortar and pestle for

5 minutes to get a fine power

2.3. Synthesis of M0S2CoxOy heterojunction photocatalyst
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Microwave prepared cobalt oxide photocatalyst was weighed and was added to 100 ml ethanol. A
amount of MoS; in 0.5, 1.0, 1.5 wt.% was added. This suspension was stirred for 24 hours at 500
rpm at 25 °C, transferred to a centrifuge tube and centrifuged for 5 mins at 10,000 rpm and the

MoS.CoxOy was then collected and dried overnight at 60 °C.
2.4. Hydrogen evolution reaction

In the hydrogen evolution experiment setup, a 300 W Xenon bulk lamp with a A <420 nm filter
was used as a light source from Aulight, China. The experiments occurred in a 200 mL stainless
steel reactor fitted with a quartz glass window at the top for light penetration and this reactor was
maintained at 0.9 bar and 25°C. A glass container was charged with the sacrificial agent solution
one at each time. 1. DI water to TEOA 9:1 (v/v) and 2. Stoichiometric equivalent of 1.25M (Na>S)
+ 1.75M (Na2S03) [99, 238]. Subsequently, 20 mg of photocatalyst was added to this 40 mL
volume of sacrificial agent solution. A PerkinElmer Gas Chromatograph with a thermal
conductivity detector (TCD, 5 A molecular sieve column) was used for analysing the produced
hydrogen gas. Before starting the experiments, the reactor system was put under vacuum for 15
minutes using a vacuum pump to degas any atmospheric gases from the reactor, followed by dark
condition for 30 minutes. After turning on the light source (1525 LUX), at every 1-hour interval,
the produced gas in the reactor was drawn off using a soil gas tight syringe and manually injected
into the PerkinEImer Gas Chromatograph (Arnel 590) with TCD and argon as a carrier gas to
detect the amount of hydrogen generated. The photocatalyst was recovered and used again with

the same amount of sacrificial agent added into the aqueous solution for repeat cycling tests.

2.5 Photocatalyst characterization:
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Powder X-ray diffraction (XRD) patterns were recorded by PANalytical X’ Pert3 powder
diffraction. The d -spacing was calculated using the Bragg’s Law formula, A = 2d sin 0, where A
is the wavelength (1.54 A for Cu Ka) [172]. Thermo Fisher K-Alpha+ XPS/UPS was used for
investigating the chemical composition of the photocatalyst. UV-Vis-NIR Spectrophotometer UV-
3600 with triple detectors from Shimadzu was used for light absorbance spectroscopy. CHI
electrochemical workstation (532 nm laser) apparatus with 3 electrode system and a 0.5 M Na>SO4
electrolyte and a Ag/AgCI electrolyte was used for Photoluminescence. Nicolet iS20 FTIR
Spectrometer from ThermoFisher was used for FTIR analysis that confirmed the functional groups

present in the samples.

3. Results and Discussion.
Figure 28 shows x-ray diffraction (XRD) and x-ray photo-electron spectroscopy (XPS) patterns
for the as-synthesised cobalt oxide catalyst and its Mo, S modified counterpart. The presence of

two cobalt oxide phases (Cobalt tetraoxide (Coz04) and Cobalt oxalate (CoC204)) are confirmed.
3.1 X-Ray diffraction analysis (XRD).

In the unmodified CoxOy sample, two major cobalt phases were identified. Firstly, the peaks for
19.1° (111), and 33.9° 26 confirmed the monoclinic structure of Coz04 catalyst (Figure 28) [183,
184]. In addition, another cobalt phase with peaks at 18.7°,30.3°, 35.0° 20 confirmed the presence
of cobalt oxalate with orthorhombic structure [239, 240]. As for the modified 1.5 M0S.CoxOy
sample, the two adjacent cobalt oxalates (18.7° and 19.1° 26) were merged into a single broad peak
at 18.7° 20 [241]. This change is attributed to the crystal lattice expansion as MoS; has larger
particle size than the cobalt oxalate in the MoS, CoxOy sample [241]. From the d-spacing
estimation, the lattice spacing changed from 7.63 A (unmodified) to 9.91 A (1.5 M0S2CoxOy)

(Figure 32) and agrees well with the literature (oxalates have a d-spacing of > 7 A) [172]. This
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peak shift due to the lattice spacing change in the modified photocatalyst has been suggested to
capture a wider light spectrum [242]. XRD results suggested that the addition of MoS: has changed
the lattice structure of cobalt oxalate and cobalt oxides, thus expanded lattice slits are exposed.
Secondly, the inherently larger sized cobalt oxalate lattice is expanded, substituting the oxygen
valences in oxides [241]. Another evidence of CoxOy morphological change after MoS;
modification can be found at 29.8° 20 which is shifted from 30.3° 26 [243]. Thus, these results
demonstrated that MoS, modification has altered the base photocatalyst. XRD spectra of 0.5, 1,

1.51.5 MoS,CoxOy sample is shown in Figure 32.
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Figure 28 Chemical Properties of As-synthesized 1.5 MoS2CoxOy Catalyst, XRD for CoxOy and
1.5 M0oS2CoxQy with symbols to identify constituting peak (a), Co2p region (b), deconvolute Co2p

(c), deconvolute O1s (d), deconvolute Mo3d (e), deconvolute S1p (f).

3.2 X-ray photoelectron spectroscopy (XPS).

The XPS survey was conducted for chemical identification for the photocatalysts. In the XPS
survey (Figure 36) Co2p, O1ls, Cls, Mo3d, and S1p elements were detected, and the Carbon C1s
reference peak was standardised to 284.7 eV for C-C bond and C-O at 286.4 eV. The major peak
difference for 1.5 M0S>CoxOy was the appearance of the energy transfer peak for both regions
(Co2ps2 and 2p12) along with a 4.3 eV red shift is an indicative of alteration of cobalt oxidation
states and chemical bonding with the modifier atom [192]. Also, the redshift in the Co2p towards
the higher energy demonstrates an increment in the electronic density after modification and an
opposite trend, a blue shift (electron deficient) in the O1s indicative of the charge transfer
phenomenon. Hence, considering the interfacial electric field, the electrons generated in the Cobalt
oxide (conduction band) are transfer to the MoS,QD (valence band) resulting in Z-scheme

formation (Supporting data Figure S6) [244].

Figure 28 (c) shows the region between 773 to 791 eV is for the binding energy of Co2ps.> and
791 to 820 eV for the binding energy of Co2pu.. In this region, two Co valence states identified
as Co(lll) and Co(ll) were attributed to both cobalt oxide and oxalate. The peak at 786.5 eV is
indexed to Co?* of 2paz and 790.6 eV is for Co®* of 2ps2 [221, 245]. The latter peak is the region's
binding energies due to the blue shift stretching after doping. The other major peak at 802.3 eV is

associated to Co?*2p12 and the peak at 807 eV is assigned to Co®*2p1s2 [246, 247]. The area under
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Co%":Co* in CoxOy was measured to be 4:1 which decreased to 2:1 for the 1.5 M0S2CoxOy
suggesting that there is a proportionally higher concentration of Co®* [248]. After deconvoluting
Ols in figure 2d, two maxima are observed. The peaks located at 527.4 eV corresponds to the pre-
edge peak that is the result of internal charge transfer from cobalt to oxygen and 529.5 eV is
attributed to the cobalt metal oxides [249, 250]. However, the larger signals at 530.4 eV is of the
oxyhydroxides that are regarded as active sites for HER and 533.2 eV is identified as absorbed

water peaks [251].

Figure 28 (e) shows that Mo3d spectrum peaks are located at 228.4 (Mo** 3ds;2) and 231.4 eV
(Mo** 3dsy2) of Mo**is for 1T MoS; [252]. The other phase is 2H MoS; that is observed at 232.9
eV (Mo** 3ds/2) and 236.5 eV (Mo** 3dss2), also these peaks can overlap with the corresponding to
Mo*® that are associated to Mo-O bonding [253] with CoxOy. For S2p (Figure 2f), after
deconvoluting, 161.68 eV (S2ps2) and 163.08 eV (S2p1s2) supports the presence of S atom in MoS;
[254]. Additionally, the peaks present at 166.1 eV and 167.5 eV are caused by the formation of
bonded sulfonic group and oxygen group [255, 256] which agrees with the deconvoluted peaks in

the O1s region.
3.3 Fourier transform infrared reflectance (FTIR).

FTIR spectrum of the functional group after doping with MoS: is shown in Figure 33. Both CoxOy
and 1.5 MoS2CoxOy show similar FTIR characteristic peaks due to their similar chemical
functionality. The cobalt-oxygen characteristic peaks are observed at 824 cm™ indicative of
abridging oxalate group and 737 cm™ are assigned to Co-O in which Co is in the form of Co?*and
570 cm™ as Co®* are attributed to cobalt oxide and oxalate groups which are also seen in the 1.5

MoS,CoxOy sample [185, 209]. However, all the peaks intensities and positions in CoxOy
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increased with a red shift after modification which has been attributed to enhanced lattice slits
exposure due to the ethanol use in the modification process of the 1.5 M0S2CoxOy photocatalyst
[210]. Notably, the absence of 1375 cm™ peak adjacent to 1356 cm™ in 1.5 M0S,CoxOy indicates

Co-0-H dissociation and OH deformation [211, 257].
3.4 UV-Vis NIR.

Figure 29 (a) shows the absorbance of unmodified and modified samples from 200 nm (UV) range
to 1600 nm (near infrared spectrum) that covers two regions of light UV-Vis-NIR. The increase of
MoS: dopant concentration, an increment was seen in overall absorbance intensity, particularly in
the range from 400 to 1000 nm in the visible light range as compared with the unmodified CoxOy.
This increase in the visible light absorption in the modified photocatalyst can be ascribed to O% to
Co%* charge transfer [258]. Characteristically, the region near 330 nm relates to the band gap
transition of cobalt oxide from valence band to conduction band [259]. As shown in the inset of
Figure 29, Tauc plots was used to calculate the band gap of the photocatalysts where n=2. The
band gap of CoxOy decrease from 3.41 eV to 3.35 eV after MoS> modification. This is due to the
charge transfer from O% to Co®* because of MoS; cobalt oxide structure formation, which again

agrees with the overall enhanced light absorption finding [260].
3.5 Photoluminescence (PL).

Photoluminescence technique crucially characterize the electron-hole separation behavior for the
photocatalysts. The pure MoS; PL intensity is shown in Figure 35. From Figure 29 (b), it can be
clearly observed that the unmodified CoxOy photocatalyst possesses significantly high peak
intensity in the range 630 to 750 nm. This peak range is related to the direct band gap transition

region, this result shows that the electrons and holes of CoxOy sample are recombining at a rapid
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rate and resulting in reduced possibility of reaction with water molecule for HER. This behaviour

suggests that the CoxOy attains the excitation state, but due to the short life spans of these excitons,

the electrons rapidly transition back to the ground state. In contrast, all the modified samples have

shown a significant reduction in the PL intensity along with a slight blue shift. Due to the surface

effect by MoS2 which emits the photons with higher energy levels, the electrons are excited for

longer times. Thus, emittance energy difference forming a direct proportionality with enhance

photocatalytic performance for the modified samples. This ability of the photocatalyst to retain the

excitation state is critical and is evident in PL spectrum. The PL intensity increased in the order of

15 MOSZCOxOy < 1 MOSZCOxOy < 05 MOSZCOxOy < COxOy.
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Figure 29 Optical study. UV Vis NIR spectra of CoxOy and MoS2 modified CoxOy. Inset images

show Tauc plots for CoxOy and 1.5 MoS2CoxQy.alongwith bank gap energy estimation (a),

Photoluminescence for CoxOy and modified MoS2CoxQy samples (b).

3.6 Hydrogen evolution reaction (HER) performance
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In our study we investigated two sets of sacrificial agents (TEOA and mixture of Na,S + Na,SOz3)
to test the photocatalytic performance along with the MoS; modified cobalt oxide photocatalyst.
Figure 30 (a) and (b) show the photocatalysts' hydrogen concentration and the HER rate in the
TEOA system, respectively. Firstly, the hydrogen concentration for the unmodified photocatalysts
(CoxOy and the commercial Cos04 and MoS;) show very little increase over time (Figure 4a). This
result translated into the lowest HER rate of 0.03 mmolg*h™ for the commercial CosO4. Similarly,
the pure MoS; had a relatively low HER rate of only 0.12 mmolg*h?, which was four times greater
than the commercial Co304. Compared to all the stand-alone pure photocatalysts, the microwave
synthesized CoxOy achieved a better HER rate with 0.30 mmolg™h. In comparison, the MoS;
modified photocatalysts showed a significant enhancement in the hydrogen production. For
MoS,CoxOy, the HER rate was 1.86 mmolgth? (0.5 Mo0S.CoxOy), 3.16 mmolgth? (1
MoS2CoxOy), and 11.21 mmolg?h? (1.5 MoS;CoxOy). This equates to one to two magnitude

increase compared to the unmodified CoxOy, and the commercial sample.

Comparatively, the effect of sodium sulfide/sulfite sacrificial agent for HER and the results are
displayed in Figure 30 (c) and (d). In our study, this mixture performed better than the TEOA
series. Firstly, the commercial CosO4 achieved a production rate of 0.22 mmolgh? followed by
the commercial pure MoS; (0.31 mmolg*h™), and the microwave synthesized CoxOy (0.32 mmolg
h1). Similar trends in activity were observed with that of TEOA, 0.5 M0S,CoxOy photocatalyst
showed hydrogen production rate of 4.79 mmolgh=, 1 MoS,CoxOy with a value of 10.22 mmolg"
h-Tand finally, the highest performance was recorded at 16.64 mmolgh™ for 1.5 Mo0S,CoxOy.
Compared to CoxOy, the enhancements equate to 15, 37 and 52 times increases in HER,

respectively.
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The cyclic study was performed for both TEOA and Na>S + NaSOs sacrificial agent systems
(Figure 30 (e) and Figure 30 (f)). Both systems showed relatively good cyclic stability as there is
high reproducibility of hydrogen production in cycles 2 and 3. TEOA showed a lesser overall loss
of hydrogen production (1.5 mmolg*h) compared to that of the NazS + Na,SOs system (2.3
mmolgh?). An explanation for this decrease could be the intermediate complexes' blockage of
the active sites [261]. Photo-corrosion is another possible reason of the reduced performance as
the presence of sulfides and sulfites has been found to cause photo-corrosion of the cobalt oxides
catalyst [262, 263]. On the other hand the uncertainty, and reproducibility in the error bars is due
to the manual errors while sucking the hydrogen gas produced in the reactor and also to the amount

of detected gas via the manual inject port of the GC equipment.
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Figure 30 Photocatalytic hydrogen evolution reaction performance of photocatalysts (CoxQOy and
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4. Mechanism for TEAO and Naz2S + Na2SOs mixture.
In the Figure 31 (a), the proposed multistage mechanism for hydrogen generation shows electron
movement upon excitation and oxidation. Upon light irradiation of the photocatalyst, the electron
(e") in the ground state promoted to the excitation state (step 1) then the cobalt is oxidized by the
excited electron from Co®" to Co?* (step 2). IN the absence of SA, a performance limiting step is
possible at this stage where the electron can travel back to the valance band resulting in loss of
change (Step 3). Alternatively, the photogenerated electron travels to TEOA (Step 4 start) and
oxidizes TEOA by losing an electron Step 4 (end). It is oxidized TEOA to a TEOA® radical
releasing a H* radical (Step 5) and the dissociation of TEOA (cation) forming o-amino radical as
an intermediate complex 1, releasing an electron at Step 6. Further (step 7), this strong reducing
intermediate (a-amino radical) along with the water molecule forms asecondary amines and
aldehydes irreversibly via hydrolysis by the end of step 8 [264, 265]. This results in the second H*
proton (Step 6 and Step 8), which migrates to MoS; active site due to its inherent reduction
potential and both protons are reduced to H> gas. These steps are described by the following

Equations [265]

CeH1sNO3 — CeHisNO3" + &° Eq (1)
CeH1sNOs* — CgH1sNO3" + H* ... Step 5 Eq (2)
CeH1sNO3z" — CsH1aNOs* + ¢ ... Step 6 Eq (3)
CeH1aNO3s* + H20 ... Step 70 Eq (4)
CeH1aNO3* + H20 — CeH11NOs + CHsCHO + H*... Step 8 Eq (5)
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A similar multistage pathway is proposed for Na.S + Na>SOs system as shown in Figure 31 (b).

However, the Equations for Na S + Na>SOz system are shown below [265, 266]

NazS + Na,SO3 — S% + SOs% ... Step 4 Eq(1)
S% + SO3% + Ho0 — H*+S,% + S04% / S206% + 2¢°... Step 5 Eq(2)
2H20 + 26" — Hz+ 20H"... Step 6 Eq(3)

In the NaxS + NaSO3 system, the assumption is the oxidation state of the heterojunction is positive
for the sulfur species to be oxidized thus forming the S species [267]. The first 3 step are same in
this series of sacrificial agent. However, both Na,S + Na,SOz are oxidized to S?* and SOs?" species
in Step 4. In presence of H2O these two S species are further oxidized as S;% liberating H* proton
and the reminder SO3?~ can be oxidized into two schemes 1. SO3% to SO4>~ and 2. SO3% to S;06*
complex in Step 5. Then electron from this scheme can interact with water molecule 2H,0 + 2¢

(Step 6) and further reduce to Ho+ 20H" (Step 7) at the MoS: site as shown in figure 5b.
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Figure 31 Proposed photocatalytic mechanism using modified MoS2CoxOy sample, TEOA (a)

and Na2S + Na2S03 (b).

Table 3 compares the hydrogen production rate of state-of-the-art cobalt based photocatalysts in
the literature where cobalt was investigated as a base or co-catalyst in different sacrificial agents.
At the outset, it should be noted that HER performance between studies is difficult to be directly
compared due to the different dopant modifiers, sacrificial agents (SA), and their concentrations
used in each of the report, as well as reaction conditions (light intensity, wavelength, temperature,
pressure). Hence, Table 1 is compiled as a generalized benchmarking exercise between the

literature best values and the results obtained in this study.

To date, the highest HER rates achieved by cobalt based photocatalysts reached 226.2 mmolght
for Au-Co/TiO2 (methanol) [93]. The enhanced performance for the above was due to electron-

hole charge separation and ohmic contact generated between Au-Pd. Both studies use organic

100



sacrificial agents at 11% (v/v) of methanol. The optical concentration of TEOA is calculated by
apparent quenching rate constant, this was studied by Ma B., at al (2019) [103] that the higher
TEOA concentration showed a decrease in HER, this can be attributed to the promotion of side
reactions and hinder the light absorption onto the photocatalyst surface. Also, comparing the
dosage (mg/mL), our study lies within the comparable range with the literature. Comparing to the
TEOA and sulfide/sulfite systems, the HER rates for a variety of heterojunction photocatalysts can
be seen as high as 40.2 mmolg™*h™ with (TEOA) for Cuo.9C021Ss@MoS; [103], 45.1 mmolgth?
with (NH4)2S03) for Pt;Co/CdS [115] and 17.0 mmolg?*h? with (Na:S+NaSOs) for
NiC0204/Mng.0sCdo.esS [111]. It is important to note that, despite the high HER rates reported in
the previous studies, the complex chemistry, and chemical compositions of these photocatalysts
typically involve noble metals, quantum dots and 1D/2D layered nanomaterials such as graphene
oxides and double hydroxides. In contrast, our study on MoS> and microwave synthesized CoxOy
Z-scheme heterojunction produced competitive HER rate of 16.6 mmolg™*h™ compared to 3.8
mmolgth? for the MoS2/Co304 S-scheme heterojunction [114], and 16.5 mmolg*h? for the

Mno2Cdo.gS/M0S2/C0304 p-n type heterojunction [110] under similar SA system and conditions.

Table 3 Comparison of cobalt-based catalysts' hydrogen production rate with co-catalyst and
modifier under different sacrificial agent systems.

Cobalt-based Catalyst [Dosage] Sacrificial HER rate Ref.
Photocatalyst (mg) (mg/mL) agent gnmolg'lh'
PtsCo/CdS 30 2 1M (NH4)2S0Os 45.1 [115]
Plasmonic - - 0.1% Methanol? 3.2 [95]
AUuNP@CoTPy

Au-Co/TiO2 100 0.5 Methanol 226.0 [93]
CdS (QD)/Co9Ss 20 0.2 NazS + NaSO0s 1.06 [113]
Ag@CoFe204/g-CsNs 5 0.1 TEOA 0.3 [105]
Co2P/RP - - Na>S/Na2SO3 5.9 [106]
C0304 50 1 TEOA®P 0.6 [99]

101



CuC0204/g-C3Na 10 0.1 20% TEOA? 41  [102]

Cu0.9C02.1Ss@Mo0S> 1 0.04 5.3% TEOA? 40.2 [103]

NiC0204/Mng05CdogsS 30 0.3 0.35M NayS + 17.0 [111]
0.25M NaxS03

Mno2CdosS/M0S2/Cos 5 0.5 0.5M NazS, 16.5 [110]

O4 0.5M NazSO3

Mo0S2/C0304 30 0.15 NaSO3z & 10% 3.8 [114]
lactate

Commercial Co304 20 0.5 TEOA? 0.03 d

Commercial CosO4 20 0.5 NazS/Na;SO3° 0.2 ¢

CoxOy 20 0.5 TEOA® 03 ¢

CoxOy 20 0.5 NazS/Na2SO3" 0.3 d

1.5 M0S2CoxOy 20 05 TEOA? 11.2 d

1.5 M0S2Cox0y 20 0.5 NazS/Na2SO3" 16.6 d

3 volume percent, ®10% TEOA and ¢ 1.25M NazS + 1.75M Na2SOs, ¢ This work.

In this study, it is worth mentioning that the HER rates between the modified 1.5 M0oS2CoxOy and
unmodified sample differs by two orders of magnitude. This is attributed to the change in
crystalline and electro-chemical properties inferred from spectral peak shift, lattice broadening,
diffraction redshift, XRD and increase concentration of Co®* species where Co** species are more
likely to be the reactive towards water dissociation observed at XPS analyses. In addition, the
optical study concludes that the enhanced light harvesting properties, narrowed band gap and the
reduced excitons recombination deduced from UV-Vis-NIR and PL analyses, respectively. This
study also compares the HER performance of the photocatalysts in TEOA and sodium
sulfide/sulfite systems in the same process conditions. Both sacrificial agents are commonly used
in photocatalysis systems involving cobalt based nanomaterials. The effective quenching of
generated holes that enhances the migration of the holes to the conduction band instead of electron-
hole recombination is enabled by the use of sacrificial agents. The Z-scheme heterojunction
established between the MoSz and CoxOy interface facilitates the charge transfer as illustrated in

supplementary data Figure S5.1.
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5. Conclusion:
A CoxOy photocatalyst has been synthesised using a fast and reliable microwave digestor which
exceeded performance better than the commercial CozO4 for the HER utilising two sacrificial agent
systems (TEOA and Na»S/Na,SOz). After modification with MoS; the heterojunction 0.5-1.5
MoS>CoxOy photocatalysts have shown significant increase in the H> evolution rate compared to
the undoped CoxOy photocatalyst (34 and 55 times). This enhancement is due to better light
absorption, electron-hole separation and electronic changes within the photocatalyst. Further, the
photocatalyst testing in the two sacrificial agent systems of TEOA and a mixture of 1.25 M NaxS
and 1.75 M NaxSOz demonstrated that Na>S/Na>SOs system facilitated the photocatalytic
performance and increased the hydrogen generation by 1.4 times over the TEOA system due to
the two active sulfide/sulfite species involved in the photoreaction. Lastly, the cyclic test revealed
that photocatalyst can retain its three-cycle performance over 12 hours of test runs with good
performance stability. This study has shed light in the understanding the performance efficiency
and mechanism of sacrificial agent for microwave derived MoS; and cobalt based heterojunction

photocatalysts.
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Figure 32 S1.1 XRD for All modifications and Pure MoS2.

All the peaks in pure MoS: disappeared in the heterojunction because of two reasons: 1. The
quantity of MoS2 as compared to cobalt nanomaterial is quite minimal so it cannot be dedicated
by the XRD instrument. 2. The peaks of M0S2 are undiscernible because they are shielded by the
strong peaks from cobalt nanomaterial [268]. The additional peak at 23.9 6 is indexed to the

crystalline (111 plane) of S element from MoS; [269]. No peak changes for pva peaks are observed.
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Figure 34 S3.1 HRTEM 1.5 M0S2CoxOQy inset interlayer d-spacing that shows the enhanced lattice

space to 9.91 nm due to the addition of MoS2.
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Figure 35 S4.1 PL spectra for Pure MoS2 that has a spectrum between 650 -750 nm however for

the remaining wavelength the photocatalyst does not show a distinctive peak.
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Figure 36 S5.1 XPS survey spectra discussing the presence of Co2p, O1s, Cl1s, MoS3d, and S2p.
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h+
Cobalt oxide

Figure 37 S6.1 Z-scheme heterojunction formed between MoS2CoxOy photocatalyst showing the

charge transfer from CB of CoxQy to VB of MoS2.
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Chapter 5. comparison Between MoS,QD and MoS:bulk

This short chapter highlights the key differences and observations that are derived from comparing
the following characterisation results. For detailed findings and explanations, one should be
referred to Chapters 3 and 4 for modified cobalt oxide photocatalyst with MoS2QD and
MoS2Bulk, respectively. In chapter 3, MoS.QD were incorporated to investigate the effects of
guantum confinement and photoluminescence induced QDs and its combination with Cobalt oxide
in a custom-made quartz reactor. Later these findings were compared and benchmark against the
conventionally explored MoSzbulk material to critically understanding the effect of MoS structure
in an upgraded stainless-steel reactor with a quartz window. In our study we observed that the
MoS2QD had an improved effect on cobalt oxide for HER. Similarly, the latter reactor offered
significant improvement in light confinement and photocatalysis reactor optimisation. For all
figures in chapter 5, sample code “1p’ is the same as ‘CoxOy’ which follows the similar sample

codes in Chapter 3 and 4, respectively.

Figure 38 is the comparative XRD analysis of the modification by MoSQD and MoS:bulk.
First of all, common observation in Figure 38 (a) (1p), Figure 38 (b) (CoxOy), have the presence
of cobalt tetraoxide (CosO4, monoclinic) and cobalt oxalate (orthorhombic) phase. These two
phases are identified in all modifications (QD and Bulk). The major difference in cobalt oxides
photocatalyst due to the QD size confinement are in the latices compression from 6.33 A to 6.05
A for 1QD1p modification and contrasting the modification due to the S-Mo-S bulk sheets (1.5
MoS,CoxOy) results in lattice expansion from 7.63 A to 9.91 A. Another noteworthy observation
in the comparative XRD is the peak shift restricted only for MoSzbulk (Figure 38 (b)), particularly

18.7° and 19.1° 20 were merged into a single broad peak at 18.7° 20 and a peak at 29.8° 20 is a
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result of shift from 30.3° 20. This peak merger and shift are attributed to the lattice expansion as

explained in chapter 4 (Chapter 4 section 3.1 XRD).
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Figure 38. XRD comparison of the modified cobalt oxide sample with MoS2QD (a) and

MoS2Bulk (b).

5.1 XPS comparison

Figure 39 presents the comparative analysis of MoS>QD and MoSzbulk, respectively. For Co2p

spectra shown in Figure 39 (a), we have obvserved a redshift of 2 eV (chapter 3, section 3.4 X-ray

photoelectron spectroscopy) for MoS.QD and and 5 eV (chapter 4, section 3.2 X-ray photoelectron

spectroscopy) for MoSzbulk that indicates the change in the electronic denisty. For MoS:bulk,

additonal energy peaks for both Co2p3/2 and Co2pl/2 peaks are observed at 781.5 eV and 797.5

eV (chapter 4, section 3.2 X-ray photoelectron spectroscopy). These peaks are absent for MoS.QD

photocatalyst as due to the size confiment of QDs. For O1s spectra shown in Figure 39 (b), the

MoS2QD two peaks are shown as Co-O bonding and an hybridisation peak. In MoSzbulk sample,

four peaks were observd in which two corrosponds to metal oxide, one for metal oxyhydroxide,
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and a water peak, this could arise from the mositure abosrbed while sample preaparation for XPS
(chapter 4, section 3.2 X-ray photoelectron spectroscopy). The presence of MoS; as Mo3d spctra
is shown in Figure 39 (c, d) where 1T MoS: phase has been obserbved and followed by 2H MoS;
phase (Figure 39 (d)) these peaks are not as prominent for QDs as they inherit the smaller sized
(approaching to Bohr radius [62]) monolayered QD arraingment. S2p spectrum shown in Figure
39 (e, f) both does not show any peak addition or major changes except the formation of sufonic
group and bonding with oxygen. XPS survey in Figure 39 (g, h) does not show any addition of

peaks resembling impurities.
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Figure 39 XPS comparison of the modified cobalt oxide sample with MoS.QD and MoS:Bulk.
Co2p spectra (MoS2QD, top and MoS2:Bulk, bottom) (a), Ols spectra (MoS.QD, top and
MoS2Bulk, bottom) (b), Mo3d spectra (MoS2QD) (c), Mo3d spectra (MoSzbulk) (d), S2p spectra

(MoS2QD) (e), S2p spectra (MoSzbulk) (f), XPS survey (MoS2QD) (g), XPS survey (MoSzbulk) (h),
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5.2 PL comparision

Figure 40 shows the comparison of PL spectra between MoS,QD (a) and MoSzbulk (b). Notably
in Figure 40 (a), MoSQD does not show PL spectra because of instrument limitations (The
analysis PL work station used was equipped with 550 nm light source whereas excitations of
MoS.QD requires UV range light source). In contrast to that is the stand alone Co304 and 1p
sample showing the highest spectra indicating significant recombition phenomenon (Figure 40 (a))
as discussed in chapter 2 section 2.3. Cobalt oxide faces high recombination rate as a standalone
photocatalyst. MoSzbulk shows PL spectra for a narrow region between 700 nm to 750 nm shown
in Figure 40 (b) attributed to the charactersitics of MoS; exitation range hence the HER
performance is low. Figure 40 (a) the PL spectra is in the following order 1QD1p < 1.5QD1p <
0.5QD1p <1p < C0304, thus the HER for 1QD1p is highest while for Coz04 is lowest. For Figure
40 (b) the PL spectra is in the following order 1.5 M0S2C0xOy < 1 M0S,CoxOy < 0.5 M0S2Co0xOy
<MoS:bulk< CoxOy. These trends are as is reflected in the HER performance of the photocatalyst
due to electron hole recombination characteristics. The remaining details regarding PL spectrum

are shown in chapter 3 section 3.1 (M0S2QD) and chanpter 4 section 3.5 (MoSzbulk).
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Figure 40 shows the PL comparison between MoS2QD (a) and MoS2bulk (b).

5.3 UV Vis NIR comparison

Figure 41 shows the UV-Vis-NIR comparison between MoS;QD (a) and MoSzbulk (b). For the
commercial sourced Co304 Figure 41 (a) showed a considerbale light absorbance in the visible
range, this increase in the visible light absorption can be ascribed to O% to Co®" charge transfer,
followed by a major dip in the 750 nm — 1100 nm range and large intensity flutuations (noise) in
the NIR. It can be due to the change in instrument’s ligh detector for NIR region for this perticaluar
sample [258]. Along with that, M0S2QD shown in Figure 41 (a) and MoSzbulk shown in Figure
41 (b) have a common observation regarding adequate absorption in visisble light range
whichaligns with MoS>’s characteristic excitation range. However, for MoS>QD the UV range
photoresponse is better than bulk, which can be attributed to quantum confiment and
photoluminescence [132]. Along with that the size alteration of MoS.QD results in the
enhancement of photoluminescence properties [134]. After both modifications, the band gaps has

been reduced by 0.05 eV.
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Figure 41 shows the UV-Vis-NIR comparison between MoS2QD (a) and MoS2bulk (b).

5.4 SEM comparison

Figure 42 shows the SEM image with elemental mapping of MoS2QD (a) and MoSzbulk (b). The
common observations in both samples are the mixed structure of cobalt oxide that comprises of
rods and spheres. As reported by Zhang et al, MoS:QD and MoS:bulk are likely attached to
another solid nano-construct by Van der Walls force [212]. The increased in Mo concentration
from 4.5 atom% to 7.63 atom% is observed in 1QD1p and 1.5 MoS>CoxOy. Where the

concentration is increased from 1 wt% to 1.5 wt%. Sulfur cannot be detected owing to the

limitations of SEM element analyser.
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Co (atom %) O (atom %) Mo (atom %) S (atom %)

24.16 24.98 4.55 0.00

Co (atom %) O (atom %) Mo (atom %) S (atom %)

22.80 68.80 7.63 0.00

Figure 42 shows the SEM analysis along with elemental mapping MoS2QD (a) and MoS2bulk (b)

5.5 Photocatalytic reactor design.

System 1 (Borosilicate Glass reactor along with online gas sampling).

Figure 43 (a) and (b) shows the first system, that included a glass reactor with a cooling water
circulating system to maintain 25°C and a microGC. Fitted with quartz glass window on the top
for light penetration. However, the design challenge for this system is the inability to keep airtight
conditions. This was translated into several leaks either form the gasket on top of the reactor that
separated the quartz window and the borosilicate glass reactor body, or the regulator nobs
mentioned in Figure 43 (a). Additionally, an inline hydrogen detection line was designed that had
a mass flow controller on one end equipped with 30 SCCM Argon gas, passing through the reactor

and entering the microGC for hydrogen detection.

To troubleshooting the leaks, a custom design was suggested for fabrication so as to modify the

glass reactor. This approach included the GL14 fittings the at the input and output ends shown in
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Figure 43 (b) that reduced the challenges but did not eliminate. Also, a moisture cold trap was

designed to condense the moisture traveling to the GC thus preventing the damage shown in Figure

44 (c). Finally with the limitations persisting, a new design setup was proposed.

(b).

Figure 44 Trouble shooting for glass reactor system. Glass nobs (a), modified GL14 fittings (b),
cold moisture trap (c).
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System 2 (Stainless steel reactor with manual injection for gas sampling)

Figure 45 (a, b ¢) shows a completely new partially custom-made stainless-steel reactor system
was sourced that included Swagelok fittings and a quartz glass on the top for light penetration. The
reactor was maintained at 25°C and 0.9 bar pressure. A manual gas injection setup was adopted

for produced hydrogen gas analysis to a PerkinElImer GC Arnel 590 shown in Figure 45(c, d).

Figure 45 Setup two with stainless steel reactor with gas tight syringe and PerkinElmer GC.

This Stainless-steel reactor system was employed for MoS;Bulk heterojuntion photocatalytic

experimations (Chatper 4) and additional experiments with DI water in the absence of SA. The
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results are in line with the same trend as SA systems. Where 0.6 mmolg™*h, 0.3 mmolg*h?, 0.1
mmolg?*h?, 0.01 mmolgthhydrogen yield was observed for 1.5 M0S,CoxOy, 1 M0S,CoxOy, 0.5
MoS2CoxOy, CoxOy respectively. Following the modification with MoSzbulk, the photocatalyst
showed an increament of 1 fold. However a low hydrogen yield of 0.006 mmolgh*, 0.01 mmolg"
h! was observed for Commercial source CosO4 and MoS;Bulk respectively shown in Figure 46
(a, b). The reduced HER performance with the DI water system can be attributed to the absence of
electron donor and hole quenching mechanim of the sacrificial agents and reducing the facilitation
of thermodynamic barrier. Also, 1QD1p sample was test for DI water system and it recorded a

1.26 mmolg*h™ hydrogen yield shown in Figure 46 (c,d).

To comprehend the disparity in the hydorgen yeild between glass setup and stainless steel system,
a photocatalyst of interest (1QD1p) was chosen. A significant increament in the amount of
hydorgen produced was recorded from 0.0018 mmolg*h for the glass reactor to 1.26 mmolgth
for stainless streel reactor (shown in Figure 46 (e)). This increment in HER is attributed to the
design configuration of the photocatalytic rector. It was noted that different researchers employ
unique setups by studying researches concluded from a few examples from Table 1, with variations
in vacuum conditions, sampling system, and gas detection so it is difficult to standardize the
photocatalytic evaluation reaction system. According to the review by Xing et al., [270] there are
various factors influencing the hydrogen performance including the light source, reactor
configuration and material (in this case glass and stainless steel), vacuum condition (the glass
rector was under atmospheric pressure and stainless steel was under vacuum conditions, this
system eliminates the presence of other competing gas for detection, and vacuum assist the transfer
of the gas from the solid catalyst surface to gaseous phase) thus enhancing the performance. Also,

for the glass reactor the incident light escaped after traveling from the source into the reactor
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however in the stainless-steel reactor the light was trapped within hence provided enhanced light

exposure to the photocatalyst.

Figure 46 (f) shows the highest recorded hydrogen yield for 1QD1p sample with, 1.26 mmolg™th-
1 16.3 mmolg?*htand 17.5 mmolg*h™ for DI water, 9.1 (v/v) of TEOA respectively, 1.25M (NazS)

+ 1.75M (Naz2SO3) respectively.
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Figure 46 Hydrogen yield for DI water system with System two. MoS2bulk with DI water (a, b),
1QD1p (c, d) and comparison of 1QD1p with and without sacrificial agents (e), change in

hydrogen yield from glass reactor to stainless steel reactor.
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In summary, Chapter 5 discusses the importance of engineering design in choosing the appropriate
reaction system to measure the hydrogen rate. Shown in this chapter, the reduced HER for 1.5
MoS2CoxOy in DI water system due to the absence of electron doners (sacrificial agent) that
facilitates the thermodynamic barrier. Importantly, upgrading the system from glass reactor to
stainless steel under vacuum have significantly increased the HER by 3 folds. Also, HER under
DI water and two SA system has been demonstrated that implies the formed 1QD1p photocatalyst

shows HER under all three systems.
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6 Conclusions & Recommendations

In conclusion, cobalt oxide being a well-established photocatalyst faces limitations owing to its
semiconduction characteristics nature such as electron-hole recombination, light absorption,
limited active sites for photocatalysts, charge density and insufficient band gap. Additionally, from
the synthesis perspective, the synthesis time for cobalt oxide is larger (average of 21 hours for
hydrothermal and solvothermal) that poses a significant issue regarding energy consumption to
maintain the required high temperature. To address the characteristic limitations, we have
proposed the use of M0S>QD and bulk as a co-catalyst. Both the strategies have been successful
in overcoming the limitations of cobalt oxide due to MoS’s posing a direct band gap, edge effect,
sulfur atom’s affinity towards hydrogen, improved charge transfer and migration that limits the
electron hole recombination (chapter 2 section 2.2.3 and 2.4). Specifically, to MoS,QD, the high
volume to surface ratio, quantum confinement effect, photoluminescence, up-conversion effect
served a critical role. One of the novelty lies in the innovative use of microwave irradiation for the
rapid synthesis of cobalt oxide and MoS.QD that reduces the time required from an average of 21

hours to 2 minutes.

In terms of HER, the conclusion of this thesis can be categorised into three sections.

Chapter 3 investigated the MoS, quantum dot and the Z-scheme heteojunction phtocatalyst
resulted an increased HER from 0.07 pmol h'lg? (unmodified cobalt oxide (1p)) to 1.8 pmol h'lg-

1 (modified cobalt oxide (1DQ1p)) in the absence of sacrificial agents (SA).

In the succeeding Chapter 4, the use of both MoS; bulk and SA significantly enhanced the HER

performance by three orders of magnitude from 0.3 mmolgh? (CoxOy) to 11.21 mmolgth? (1.5
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MoS,CoxOy) for 9:1 TEOA, and 0.32 mmolg*h? (CoxOy) to 16.64 mmolg™th (1.5 M0S.CoxOy)

for Na;S+NaySOs.

In Chapter 5, equivalent 1QD1p and 1.5 MoS:CoxOy sample were compared and discussed.
1QD1p sample showed HER of 16.3 mmolg*h™and 17.5 mmolg*h (Figure 46 (f)) for TEOA and
NazS+Na,S0s. Also, for DI water system HER of 0.6 mmolg*h™ compared to 1.26 mmolg*h? for
1.5 M0S2CoxOy and 1QD1p respectively, where 1QD1p sample shows double HER over 1.5

MOSZCOxOy.

Conclusion and reasoning regarding HER, the microwave synthesised cobalt oxide along with
optima concentration of pva showed higher photocatalytic performance compared to commercially
source Sigma Aldrich (Merk) Coz04 and MoS; in unmodified form. Notably, both MoS>QD and
MoS2Bulk modifications have led to substantial two and three fold increase for the hydrogen yield.
This increament can be attributed to electronic properties characteristed by XRD, XPS that
revealed the lattice contraction for MoS,QD from 6.33 A to 6.05 A and expansion for MoS2Bulk
from 7.63 A to 9.91 A, along with increased Co®* species concentration after QD modifications
(1:4 to 1:3.5) and bulk (1:4 to 1:2). Furthermore, the opitcal properties characterisation by UV-
Vis-NIR showed a reduction in band gap energy (0.05 eV) and from PL spectra additional
confirmation on reduced recombination was concluded (1QD1p and 1.5 Mo0S2Co0xOy). The
enchaced performance was further substantiated by the foramtion of Z-scheme heterojunction
between the base and co-catalyst. Thus, it can be concluded that the synthesised base catalyst and
co-catalyst employing microwave synthesis method represents the effective strategy with
promising future applications. This work contributes to the sustainable and effective hydrogen

production for rising energy needs.
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Recommendations based on the finding of this work,

1. Synthesis of the cobalt oxide base photocatalyst by systematically varying microwave
synthesis time and magnetron power should be comprehensive investigated. As reviewed
in section 2.6, increasing magnetron power leads to faster heating, which results in unique
heterojunction structure of the photocatalyst, and thus changes the reaction kinetic.

2. A range of semiconductor material as base and co-catalyst can be investigated for
photocatalyst synthesis via microwave technique. This can further confirm that a variety
of semiconductors can be synthesised using microwave thus making it a versatile synthesis
technique.

3. The photocatalytic reaction can be conducted with increased temperatures for better phase
separation of the gaseous molecules. In the section 2.2.2, current state of art, demonstrates
that the pH and temperature of the photocatalytic system influences the HER thus an
optimal HER conditions can be investigated.

4. The used of monochromatic light can be investigated to observe the hydrogen yield as light
of specific wavelength is beneficial for the better performance of the photocatalyst.

5. Study on sacrificial agents can add value in choosing the best suited SA. As the Table 1.
Shows the use of different SA like Lactic acid and others in general can influence the HER

of a give photocatalyst.
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