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Preface

The present thesis, entitled “Synthesis, Characterization and Performance Analysis of Reduced
Graphene Oxide Based Photocatalyst for Hydrogen Generation from Water’” deals with
efficient solar green hydrogen generation from photocatalytic water splitting using reduced
Graphene Oxide (rGO) and transition metal-based powder like photocatalyst and organic
alginate hydrogel encapsulated three-dimensional spherical bead like photocatalyst. The major
barriers in the process of photocatalytic water splitting towards its commercialization are slow
reaction kinetics, rapid recombination of photogenerated electrons and holes, low yield of
hydrogen, photo-corrosion of semi-conductors, metal aggregation, and metal loss, low water
retention capacity of the photocatalysts. In order to address these challenges different strategies
are adopted here to (a) Use of reduced graphene oxide rGO as an excellent electron transporter
with a work function 4.42 eV, and an electron mobility of 200000 cm 2 V-1s!) along with
transition metal (having half- filled d orbital) based nanohybrid photo-catalyst namely rGO-
CdS, rGO-ZnO0 (b) exploration of rGO- ZnO(1:3)-WOz3 Type Il heterojunction (c) exploration
of Z scheme photo-catalytic system CdS-rGO-WOs comprising of hydrogen evolution
photocatalyst CdS (HEP) and oxygen evolution photocatalyst WOz (OEP), having solid state
mediator (rGO) involving two step photoexcitation. These strategies allow tuning of the band
gap for better absorptivity in visible spectrum, lowering of recombination of photogenerated
electron-hole pairs, utilization of higher redox potential (in Z scheme), minimize photo-
corrosion, the aggregation of photocatalyst and enhance the photocatalytic activity and
apparent quantum efficiency of the synthesized powder like nano-hybrid photocatalyst with
respect to pristine photocatalyst. Incorporation of rGO enhances the activity (mmol g h 1) of
pristine ZnO from 2.5 to 10.4 (at an optimized ratio of 1:3)) and of pristine CdS from 4.9 to
6.9. Incorporation of WO3 with rGO- ZnO(1:3) formation of heterojunction further enhances
the activity to 13.2 mmol g h ! and utilization of Z scheme further improve the activity of
CdS-rGO-WO;3 to 11.6 mmol g h 1. Further to enhance the water retention capacity and
hydrophilicity of the photo-catalysts, a new strategy of encapsulation of powder photocatalyst
inside the nano-cage of organic alginate hydrogel (resulting in 3D spherical bead like catalysts)
is adopted. Alginate engulfed CdS-rGO-WOsz and rGO-Zn0O(1:3)-WOs, synthesized
successfully are hydrated (pre-adsorbed with water) for 6 hours before using for hydrogen
generation while dynamic adsorption of water continues. The encapsulation allows higher
retention capacity of water, enhanced adsorption (physical/chemical) of confined-water

(instead of bulk water) improves the hydrophilicity of the core photocatalyst; hydrated



materials stabilizes the photo-induced holes and electron and slower down the process of
recombination and remarkably enhances the photocatalytic activity (up to 81.8 mmol g* h
(CdS-rGO-WOs-alginate) and 90.6 mmol g* h 1 (ZnO-rGO-WOs-alginate)) as well as
apparent quantum efficiency. Further, inlet flow rate invariant sustainable continuous hydrogen
generation is achieved using encapsulated bead like photocatalyst which implies that each bead
of photocatalyst acts as a miniaturized photoreactor. The metal organic frame work used
eliminates the toxicity of the pristine powder like photocatalyst. Therefore, the thesis proposes
environ friendly, recyclable, low cost (based on cost analysis), highly efficient alginate
encapsulated rGO based heterojunction photocatalyst for enhanced continuous hydrogen
generation which can be further utilized for commercialization of photocatalytic water

splitting.



List of Abbreviations

GO Graphene oxide

VB Valence Band

CB Conduction Band

VB Valence Band

PEC Photo Electro Catalytic

WE Working Electrode

CE Counter Electrode

RE Reference Electrode

XRD X-ray diffraction

FTIR Fourier transform Infrared Spectroscopy
EDX Energy Dispersive X-Ray analysis

SEM Scanning electron microscopy

FESEM Field emission scanning electron microscopy

TEM Transmission electron microscopy



CONTENTS

Chapter 1

Introduction

1.1 Preface of Hydrogen Energy

1.1.1 Advantages of Hydrogen

1.1.2 Advantages of Green Hydrogen

1.1.3 Latest developments in green hydrogen

1.1.4 Different pathways of production of Hydrogen

1.2. Photocatalytic water splitting: Present state of the Art

1.2.1 Heterogeneous photocatalysis

1.2.2 Semiconductors as photocatalysts for water splitting

1.2.3 Role of transition metals as photocatalysts

1.2.4 Heterojunction

1.2.4.1 Different Types of Heterojunctions

1.2.4.2 Importance of Heterojunction Photocatalytic systems
1.3 Two-step photoexcitation: Z scheme photocatalytic systems
1.4 Preface of Graphene: Role of Graphene in Photocatalytic water splitting
1.5 Immobilized photocatalytic system: Hydrogel encapsulated photocatalyst into
three-dimensional (3D) network microstructures

1.6 Process Bottlenecks of photocatalytic water splitting

1.7 Research Aims and Objectives

1.8 Overview of the Thesis

1.9 Choice of material

1.9.1 Choice of Photocatalyst

1.9.1.1 Selection of Zinc Oxide (ZnO)

1.9.1.2 Selection of Cadmium Sulfide (CdS)

Page Number

o o Ul W W

13
15
16
17
19
19
21
21
21

24
25
26
26
27
28
28
28



1.9.1.3 Selection of Tungsten Trioxide (WO3)

1.9.2 Selection of Alginate as Hydrogel

1.10 Methodology

1.10.1 Synthesis of photocatalysts

1.10.2 Characterization Study

1.10.3 Performance Study and analysis

1.10.3.1 Photocatalytic Hydrogen Generation

1.10.3.1.1 Components of Photocatalytic water splitting reaction setup
1.10.3.1.2. Modes of operation

1.10.3.1.3 Performance Analysis of Photocatalytic water splitting
1.10.3.2. Photo-electro-catalytic (PEC) Performance

1.11. Brief description of research work

1.11.1 Chapter wise Research Description

1.11.2 Supporting work

1.12 References

Chapter 2

Synthesis, characterization and photocatalytic performance study of rGO-ZnO/WO;

heterojunction photocatalyst for solar green hydrogen generation

2.1 Introduction

2.2 Experimental

2.2.1 Materials and Methods

2.2.2 Synthesis of ZnO nanocomposite

2.2.3 Synthesis of rGO-ZnO

2.2.4 Synthesis of ZnO-WO3; nanocomposite

2.2.5 Synthesis of rGO-ZnO(1:3)/WO3 heterojunction photocatalyst
2.2.6 Characterization

2.2.7 Photocatalytic Hydrogen Generation

2.3 Results and discussion

2.3.1 Morphologies and structure of rGO-ZnO (1:3) /WOj3 heterojunction

28
29
29
29
30
31
31
31
33
34
35
36
37
42
42

52
54
54
55
55
55
56
57
57
58
58



photocatalyst

2.3.1.1 XRD analysis 58
2.3.1.2 XPS analysis 59
2.3.1.3 SEM & TEM analysis 59
2.3.2 Optical Studies 62
2.3.2.1 UV-Vis spectra and Band gap energy analysis 62
2.3.2.2 Photoluminescence (PL) spectrum analysis 63
2.3.3 Photocatalytic Hydrogen generation 64
2.4 Mechanism for enhanced performance of rGO-ZnO (1:3)/WO3 heterojunction
photocatalysts 66
2.5 Detailed cost-analysis of rGO-ZnO/WO3 68
2.6 Conclusions 68
2.7 References 69
Chapter 3

Synthesis, characterization and photocatalytic performance study of solid-state mediator

rGO based CdS-rGO-WO3 Z scheme photocatalytic system for solar green hydrogen

generation

3.1 Introduction 75
3.2 Mechanism of Z-scheme photocatalytic system 77
3.2.1 Shuttle Redox Mediator mediated Z-Scheme System 78
3.2.2 Z-Scheme Systems without Redox Mediators 78
3.2.3 Solid state mediator based Z scheme systems 79
3.3 Objective 79
3.4 Experimental 80
3.4.1 Materials for synthesis of CdS-rGO-WO3 80
3.4.2 Synthesis of composite photocatalyst 80
3.4.2.1 Synthesis of CdS Nano-rods 80
3.4.2.2 Synthesis of WO3 Nanoplates 80

3.4.2.3 Synthesis of rGO-CdS 81



3.4.2.4 Synthesis of CdS-rGO-WO;

3.4.3 Characterization

3.4.4 Photocatalytic Hydrogen Generation

3.4.5 Degree of Photon Absorption

3.4.6 Photoelectrochemical Hydrogen Generation
3.4.6.1 Preparation of CdS and CdS-rGO-WO;3; photoelectrodes
3.5 Results and Discussion

3.5.1 Morphology and Elemental Analysis

3.5.2 Phase Structure Analysis

3.5.3 Optical Property Analysis

3.5.4 Surface Chemical State Analysis

3.5.5 Zeta Potential Measurement

3.6 Photocatalytic hydrogen generation

3.7 Photoelectrochemical hydrogen generation
3.8 Plausible Photocatalytic Reaction Mechanism
3.5 Detailed cost-analysis of CdS-rGO-WO;
3.10 Conclusions

3.11. References

Chapter 4

81
82
82
83
85
85
86
86
89
90
93
95
95
100
100
102
103
103

Organic alginate encapsulated rGO-WO3; based photocatalyst for continuous solar green

hydrogen generation

4.1 Introduction
4.2 Objectives

4.3 Alginate as a 3D Metal-Organic Framework (MOF’s) as photocatalyst support

/ encapsulation

4.4 rGO-CdS-WOs3-alginate and rGO-ZnO-WOs-alginate as 3D MOF

photocatalyst for green solar hydrogen generation

4.5 Materials for synthesis of rGO-CdS-WOs-alginate millisphere photocatalyst

115
117

119

121
122



4.6 Synthesis of organic polysaccharide based rGO-CdS-WOs-alginate millisphere
photocatalyst

4.7 Materials for synthesis of rGO-CdS-ZnO-alginate millisphere photocatalyst
4.8 Synthesis of organic polysaccharide based rGO-ZnO- WOs.alginate
millisphere photocatalyst

4.9 Material Characterizations of alginate based photocatalyst millisphere

4.9.1 Field emission scanning electron microscopy (FE-SEM) and Energy
Dispersive X-ray (EDX) microanalysis

4.10 Liquid water sorption of alginate based photocatalyst millisphere

4.11 Photocatalytic Hydrogen Generation: batch and continuous mode of operation
4.12 Activity Comparison

4.13 Recyclability test (durability) of organic rGO-CdS-WOs-Alginate
millispheres photocatalyst

4.14 Cell viability assay of both powder based and alginate based millisphere
photocatalyst

4.15 Estimation of Cost of rGO-CdS-WOs-Alginate and rGO-ZnO-WOs-Alginate
4.15.1 Detailed cost-analysis of rGO-CdS-WO3-Alginate millisphere

4.15.2 Detailed cost-analysis of rGO-ZnO-WO3-Alginate millispheres

4.16 Conclusion

4.17 References

Chapter 5

Summary and Future Scope

5.1 Outcome of the Research

5.2 Future Scopes

Supporting work: Annexure

123
123

124
124

125
126
128
133

134

135
137
138
139
140
140

150
153



Chapter 6
Synthesis, characterization and photocatalytic performance study of rGO-SnFe,O,

photocatalyst for solar hydrogen generation

6.1 Introduction 156
6.2 Experimental 157
6.2.1 Materials and Methods 157
6.2.2 Synthesis of graphene oxide (GO) 158
6.2.3 Synthesis of SnFe;04 158
6.2.4 Synthesis of rGO-SnFe,04 158
6.2.5 Characterization 158
6.2.6 Photocatalytic hydrogen generation 159
6.3 Results and Discussion 159

6.3.1 Morphological characterization: Field Emission Scanning Electron

Microscopy (FESEM) 159
6.3.2 Crystallinity Study: X-Ray Diffraction (XRD) 160
6.3.3 Identification of bonds: FTIR 160
6.3.4 UV-vis spectra and Band gap energy analysis 161
6.3.5. Photoluminescence study 161
6.3.6 XPS study 162
6.3.7 Photocatalytic activity 164
6.4 Conclusion 164
6.5 References 165
LIST OF FIGURES 168
LIST OF TABLES 172

LIST OF SCHEME 173



Chapter 1

Introduction

Highlights:

= Introduction

. Preface of Hydrogen Energy

. Photocatalytic water splitting: Present state of the Art

. Two-step photoexcitation: Z scheme photocatalytic systems

. Preface of Graphene: Role of Graphene in Photocatalytic water splitting

. Immobilized photocatalytic system: Hydrogel encapsulated photocatalyst into

three-dimensional (3D) network microstructures

. Process Bottlenecks of photocatalytic water splitting
. Research Aims and Objectives

. Overview of the Thesis

. Choice of material

. Methodology

. Brief description of research work

8 PCI
ﬁ er_- G
v % cB ¢ Reduction

\
| %cs T
I

w—_V8

| Y
i Oxidatio h*




Introduction

The dawn of human civilization begun with the invention of fire, when sparks flew from two
stones rubbed together, by the ancestors of human kind. Energy is needed for the sustenance
of human beings on the Earth. It is one of the prime components in determining the economic
growth of a nation [1]. Fossil fuels like coal, oil and natural gas are traditional energy
sources. Energy generated by the combustion of fossil fuels, is utilized for the generation of

electricity, as sources of heat and energy in power plants, in industries and in transportation

[2].

Fossil fuel reserves are being gradually depleted by the overconsumption of the natural
resources. The pace of consumption of energy became more rapid during the last five
decades, as the global population increased from 3.7 billion to 7.2 billion, with a rise in the
global energy consumption to 548 exajoules (EJ) [3]. The issue of global energy security is
significant in this context as the geopolitical dynamics of the nations also shifts along with
the climate change and the exhaustion of fossil fuel reserves. Majority of the oil and
gas reserves are owned by nations torn by conflicts and political turmoil [4]. So the necessity
to be freed from foreign energy sources for the reason of energy security is quite
understandable. Moreover, the combustion of fossil fuels causes emission of greenhouse
gases that has resulted in global warming. A long term effect of the rise in temperature due to
global warming is a slow change in climate and weather, causing gradual melting of glaciers
in the polar regions and rise in the global sea water level, posing a threat to nature. The
nations took a pledge by signing the historic Paris climate agreement at the 21st Conference
of Parties (COP21) of theUnited Nations Framework Convention on Climate
Change (UNFCCC) to keep the temperature rise under check, ideally by 1.5°C [5]. China and

the United States are the largest emitters of greenhouse gases followed by India [6].

The development of alternative forms of fuels is therefore necessary in replacing traditional
fuels to address the current distressing situation of the planet. The advent of alternative forms
of energy sources like wind energy, solar energy, geothermal energy, tidal energy has been
observed in the recent years. China is the frontrunner in generating renewable energy, as
reported in the Renewables 2022 Global Status Report [7], contributing to about 43% of the
total global energy, followed by USA (42.9 GW) and India(15.4 GW) (Figurel.l a). There
has been a gradual development in the potential of renewable energy generation in India.



According to the Energy Statistics Report-2022 (Figure 1.1 b), India, major portions of the

renewable energy sector, in terms of possibility of production, is dominated by solar power

150

100

b - Wind Power Source wise potential
43% Renewables 2022 B small Hydro renewable energy
Global Status Report Biomass generation in India, 2021
I:l Cogeneration bagasse
-Wane to energy 46.66%
[: Solar energy

N

50.24% \

50 13.56% 1.42%
77

0,
0.34% 1.18%

Renewable Energy Production (GW)

2.30% 2.27%

~ China GSA India Brazil Germany Japan
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renewable energy production in India

potential 748.99 GW (50.24%) and wind power potential of 695.50 GW (46.66%) followed
by small hydro power potential at 21.13 MW (1.42%) [8].

1.1 Preface of Hydrogen Energy
Hydrogen Energy: A fuel of the future

Hydrogen is primarily a carrier of energy, rather than a primary source of energy. Hydrogen
can be an alternative secondary source of energy in the near future and a hydrogen based
economy can be a replacement of the fossil fuel based economy. This is because hydrogen

has the largest energy capacity per unit mass [140MJ kg "] amongst all the other fuels [9].
1.1.1 Advantages of Hydrogen:

i. Hydrogen is a clean fuel because during combustion of hydrogen, only water is produced

and there is no emission of greenhouse gases.

ii. Hydrogen can be used as a fuel to be used in fuel cell for production of electricity. This
will be beneficial for the development of decentralized electricity distribution (off grid) in

remote areas.

iii. Due to the abundance of hydrogen, it is much cheaper compared to other renewable

energy sources.



Hydrogen can be derived from clean and renewable sources, however only 5% of commercial
hydrogen is obtained in that way. 95% of the hydrogen produced is procured from non-
renewable sources like fossil fuels by steam reforming [10]. These processes are costly,
releases harmful carbon dioxide, causing pollution in the atmosphere. Hydrogen can be

labeled according to the sources and the method of production used [11]:

» Grey Hydrogen: When hydrogen is derived from fossil fuel sources like natural gas
or coal, then it is labeled as Grey Hydrogen. Presently, hydrogen is produced
commercially from fossil fuel sources either by steam methane reforming or by coal
gasification. These processes cause emissions of harmful greenhouse gases like
Carbon dioxide (CO,).
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Figure 1.2 Classification of hydrogen according to the sources and pathways of
production

» Brown Hydrogen: Lignite coal or brown coal is used to produce hydrogen by coal
gasification process. Hydrogen generated by this process is termed as Brown
Hydrogen.

> Blue Hydrogen: The process of grey hydrogen production and Blue hydrogen
production are almost similar. When major portion of the CO, emission is sequestered
during production of hydrogen, by carbon capture and storage (CCS), then thus
obtained hydrogen is coined as Blue hydrogen [12]. Hydrogen derived this way is also

known as “low carbon” hydrogen.



> Yellow Hydrogen: Hydrogen generated by electrolysis of water using solar energy.
The source of the electricity utilized for electrolysis is from renewable energy like
solar energy.

» Pink Hydrogen: The hydrogen produced by electrolysis utilizing nuclear energy, is
referred to as Pink hydrogen. There is no emission of CO, during this process of
production and can be denoted as a sub-category of Green Hydrogen.

» Turquise Hydrogen: The hydrogen produced by the methane pyrolysis reaction, is
referred to as Turquoise Hydrogen. There is no emission of harmful CO2 during the
process of production.

» Green Hydrogen: When hydrogen is produced from clean energy sources like
wind energy or solar energy, then it is termed as Green hydrogen. Green hydrogen can
also be termed as “zero-emission” hydrogen as it is obtained from renewable sources
like wind and sun and there is no release of greenhouse gases, during the process of
synthesis. For this reason, the process of Green energy generation is considered
environment friendly when compared to Grey hydrogen generation process. There are
different ways to generate Green hydrogen, the most popular amongst those is the

electrolysis of water into hydrogen and oxygen.
1.1.2. Advantages of Green Hydrogen:

1. Green hydrogen is created using renewable energy sources: Green hydrogen is created
when surplus electricity generated by renewable energy sources is transformed into hydrogen
at power-to-gas facilities. It is a portable clean energy source.

2. Green hydrogen stabilises the supply of heat and energy. Hydrogen that is created from
renewable sources may be easily transformed into heat or electricity and used for home
energy production and electricity supply. By doing this, it guarantees that renewable energy
is consistently accessible in appropriate amounts in the case of power variations caused by
the weather.

3. Green hydrogen is adaptable and may be creatively employed. The most abundant element
on Earth, hydrogen provides a lot of opportunity for innovation. It may produce energy and
heat, act as a fuel or coolant and be utilised as a raw material in manufacturing. Fuel-cell
systems are already being utilised effectively today, and electrolysis technologies are already

on the rise.



4. CO, emissions are reduced via green hydrogen. Carbon dioxide from the traditional
production process leaks into the atmosphere, harming the environment. However, water is
electrolyzed into hydrogen and oxygen in the power-to-gas process. The by-product oxygen
can either be put to other uses or simply discharged into the environment while the hydrogen

is still being used.

Additionally, as of 2019, India was releasing a net 2.9 gigatons of carbon dioxide equivalent
annually [6]. Industries like automobile, aviation, power, steel, cement, and agriculture, are
responsible for the major part of the emissions. Most of these industries would benefit from a
shift towards carbon reduction.

1.1.3. Latest developments in green hydrogen

The realm of green hydrogen has a lot of news. In several nations, such the US, Russia,
China, Germany, and France, the use of hydrogen as a fuel is now commonplace, and other
countries are advancing their research even farther [13].

Hydrogen's adaptability makes it perfect for some industries that present difficulties in the
decarbonization process, such as heavy manufacturing, aviation, and marine transport. While
it will probably take many decades before hydrogen is used as a fuel for passenger aircraft, a
number of initiatives have been started in recent years, especially inside the EU.

Although this requires the pipes to be modified, research is still being done on using natural
gas pipelines to carry hydrogen. In France, 100 households' gas grids already included
hydrogen as part of a test programme. As a backup during periods of high demand, it is also
feasible to convert natural gas power plants to burn hydrogen. Research into the potential for
manufacturing green hydrogen through the electrolysis of saltwater in order to prevent future

depletion of the planet's freshwater resources is one fascinating area of study.

Many carbon-intensive and hard-to-abate sectors are going to be benefitted from the adoption
of green hydrogen in India. However, others sectors will be benefitted by this decision.
Hydrogen is widely used in India's industrial activities, including those in the energy,
petrochemical, and chemical industries. The whole amount of hydrogen used originates from
fossil fuels. With the expansion of the Indian economy, the present use of hydrogen (> 6
million tonnes annually) is anticipated to rise even higher [14]. However, it is anticipated that
by 2050, about 80% of the hydrogen generated in India would be "green," created using
electrolysis and renewable energy [13,14].



An attempt to lower prices and tightening policy to encourage hydrogen is what is driving the
huge cost decreases in major production technologies like electrolyzers and solar PV, which
are also partially driven by their widespread deployment in India and throughout the world.
Green hydrogen becomes economically viable in India earlier than in other areas of the world

due to a lack of indigenous natural gas supply and the prohibitive cost of imports.

The principal industries that stand to gain from the implementation of green hydrogen

technology are listed below:

1. Transportation: India’s carbon emissions are mostly the result of the transportation
industry. By powering hydrogen fuel cell cars or combining it with natural gas for better
combustion, green hydrogen can play a significant part in the decarbonization of
transportation. Various areas of mobility, heavy-duty vehicles, public transportation, and

long-distance logistics might all gain from the use of green hydrogen as an alternative fuel.

2. Power Generation: Green hydrogen is a clean fuel that may be used in the production of
electricity. Fuel cells may use hydrogen to generate power with no greenhouse gas emissions.
Hydrogen is a dependable and sustainable energy source, and its use in power generation can

assist lower carbon emissions from the electrical industry.

3. Industrial Processes: Industries like steel, chemicals, and refining may use green hydrogen
in their manufacturing processes to their advantage. In industrial operations, hydrogen may
be utilised as a fuel or feedstock to replace fossil fuels and cut carbon emissions. Industrial

processes that use green hydrogen can be more sustainable and cleaner.

4. Energy Storage: In order to combat the erratic nature of renewable energy sources, green
hydrogen may be used as energy storage. Electrolysis may produce hydrogen from surplus
renewable energy, which can stored and used later. When the production of renewable energy
is low, this stored hydrogen may be utilised as fuel or converted back into electricity,

ensuring grid stability.

5. Heating and Cooling: Green hydrogen may be utilised in industrial, commercial, and
residential settings for heating and cooling purposes. It can contribute to the decarbonization
of the heating and cooling industry by taking the place of fossil fuel-based heating systems

like natural gas boilers.



It is significant to highlight that depending on elements like infrastructure needs, cost
effectiveness, and technology maturity, the viability and potential of green hydrogen adoption
may differ across industries. Green hydrogen may be effectively used in the aforementioned

industries to cut carbon emissions and move India towards a sustainable energy future.

Today, a number of technical advancements are combining to make it possible for hydrogen
to successfully enter the energy grid. These include comprehensive decarbonization of energy
systems, supply-side innovation in production technologies (electrolyzers and renewables),
handling of excess renewable power, long-term electricity storage, and demand in end-use
industries. With regard to the deployment of hydrogen in the energy networks of numerous
important economies, these elements are starting to create a challenging loop. India may
participate in this developing vital circle since hydrogen may be a key component of a low-

emissions, economically viable, and less import-dependent Indian energy industry.

India has the potential to develop into one of the world's top centres for hydrogen production
in the next decades, able to both meet its own needs and those of other nations. Petrochemical
and chemical companies will undoubtedly top the list of domestic hydrogen consumers.
Along with them, it is anticipated that a sizeable portion of the hydrogen will also be used by
the steel (in their mandate to decarbonize steel production) and energy sectors. Goal has
already been set by India in achieving Net Zero by 2070 and energy independence by 2047
[14]. The transition in the energy sector in India is focused on maximising the usage of
renewable energy across all economic sectors in order to meet this goal. A potential substitute

for facilitating this shift is green hydrogen.
1.1.4. Different pathways of production of Hydrogen

I) Steam Reforming: At present, Grey Hydrogen is being produced commercially via steam
methane reforming reaction (Figure 1.3), mainly because of the high energy conversion
efficiency. Steam reforming of oil involves breakdown of molecular bonds in oil by passing
steam at a high temperature to produce hydrogen and carbon monoxide, the partial oxidation
of waste oil on the other hand is the controlled combustion of the fuel-air mixture to produce
hydrogen (H.) and carbon monoxide (CO). The water gas shift reaction further converts
carbon monoxide upon reacting with water/steam to generate more hydrogen [Eq. 1.2]. This
reaction is endothermic in nature and takes place at a temperature of 700°C-900°C, using
nickel supported alumina as a catalyst. This process emits carbon dioxide, which is a harmful

greenhouse gas and is a threat to the nature.



CH 4+ H ,0 (+ heat) — CO + 3H , AH=+206.2 KImol *  (1.1)

CO+H,0(I) - CO,(g)+3H2(g) AH=-412KJmol* (1.2)
CH 4+ 2H ,0 — 4H , (g) + CO- (q) AH=+165KJmol * (1.3)
Flue gas

95%+H,
I CO,
Feed

Fuel
CH,

T=850°C

Reforming CO, Removal

Figure 1.3. Production of hydrogen by steam methane reforming

I1) Gasification of Coal: Coal is non-renewable source from which hydrogen can be
obtained. Brown Hydrogen can be produced mainly by coal gasification and partial
oxidation of coal. Coal is a rich source of carbon and coal gasification involves the
breakdown of bonds in coal producing hydrogen and carbon-monoxide in presence of steam.
Partial oxidation involves the controlled combustion of fuel-air mixture which produces
hydrogen and carbon monoxide. This carbon monoxide is converter to carbon dioxide and
more hydrogen by water gas shift reaction. The reaction may be as below:

CiHn + n/2 0O, —-nCO+ m/2 H, (14)
(where m ~ number atoms of hydrogen and n~ atoms of carbon)

I11) Pyrolysis of Methane: Turquoise Hydrogen can be produced from Methane. The
thermal decomposition of methane by pyrolysis of Methane involves into hydrogen and
carbon, is known as pyrolysis of methane. The energy input in this process is very high, as
the reaction is endothermic and the efficiency is low. This process can be labelled as low-

emission hydrogen generation process. The equation may be as below:

CHs— C+2H, (1.5)



Till now hydrogen production via conventional processes have been discussed, where the
evolved CO, gas, generated during combustion of the fuels, is being released in the
atmosphere. The emission of the CO, gas can be either be checked and controlled, like in the
case of Turquoise Hydrogen production, which is coined as a low emission process, or the
CO; can be sequestered and captured, as in the case of Blue Hydrogen production. Green
Hydrogen generation, on the other hand involves the production of hydrogen from renewable
sources, without the emission of green house gases. As discussed earlier, Yellow Hydrogen
and Pink Hydrogen can be categorized as a sub type of Green Hydrogen generation.

1V) Electrolysis of water utilizing nuclear energy: Pink Hydrogen can be obtained by

electrolysis of water, utilizing the nuclear power source.

V) Electrolysis of water utilizing solar energy: Yellow hydrogen can be procured splitting

water into hydrogen and oxygen, by electrolysis of water, utilizing the solar energy.

V1) Electrolysis of water: The most well known pathway of Green Hydrogen generation is
by electrolysis of water using source of electricity as the driving force. It is the most popular
route of green hydrogen generation. However the amount of energy required for the water
splitting reaction is more than that energy obtained by producing hydrogen making the
process energy inefficient. PEM (polymer electrolyte membrane cells) SOEC (Solid Oxide
Electrolysis Cells) and AEC (Alkaline Electrolysis Cell Electrolysers) can be used to generate
hydrogen by splitting water.

Cathode Anode

Power Supply |---

® ——————— FElectrons

® —> p+

Figure 1.4 Hydrogen generation by electrolysis of water
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By lowering the quantity of electrical energy needed for electrolysis, the overall cost of
hydrogen production can be reduced. PEM electrolysis cells operate below 100°C, however
AECs operate at 200°C. Microbial electrolysis cells can also be used for this purpose. About
4% of the global hydrogen is produced by the electrolysis of water [15].

Cathode: 2H,0+2e" —H;, + 20H" (1.6)
Anode: 40H— O,+2H,0+4¢" (1.7)
Overall: 2H,0 — 2H,+0, (18)

In the following sections, few more generative pathways for emission less Green Hydrogen

have been discussed:

VI11) Thermochemical method: Thermochemical method involves the splitting water into
hydrogen and oxygen by using high temperature heat, unlike electricity, in case of
electrolysis of water. Much of the heat is lost as waste heat in the process plants. Solar energy
can also be harnessed using tower concentrators, to produce high energy, thereby utilizing the
energy for hydrogen production. Thermochemical method of energy conversion is mainly
carried out by means of steam gasification, supercritical water gasification, and rapid
pyrolysis followed by steam reforming of bio-oil. The cost of operation is high in this process
of H, production. Techniques like combined slow pyrolysis and steam gasification can also

be devised for hydrogen generation at cheaper rates and higher efficiency [16].

V1) Hydrolysis of chemical hydrides: Hydrolysis of chemical hydrides like Sodium
Borohydride can be a solution in generating hydrogen and for the storage of onboard

hydrogen. The equation involving the hydrolysis of Sodium Borohydride is as follows:
NaBH;+2H,0—NaBO,+4H,0 AH=-75 KJ/mol H, (1.9)

The reaction is highly exothermic, generating a lot of heat. This process of hydrolysis of
chemical hydrides has been utilized to produce hydrogen for use in fuel cell. However, the
byproducts generated in the process are toxic in nature, which can diminish the performance
of fuel cell. [17].

IX) Biomass reforming: Hydrogen can be obtained by gasification of biomass and wastes.
The gasification of biomass is an environmentally friendly and efficient process. The

gasifying agents can be of different types: air, steam, air-steam, steam-oxygen etc., depending
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upon which the processes can further be classified [18]. The major drawback of this process

is the low yield of hydrogen.

X) Biological hydrogen production: In case of biological hydrogen generation, hydrogen is
being generated using hydrogen-production enzymes. Though hydrogen is released in trace
amount, presently researches are being conducted to make this process commercially viable
[19].

XI) Photo-induced hydrogen generation: Photo-induced production of hydrogen can be
classified in four major processes viz. photobiological method, photovoltaic method,
photoelectrochemical method (PEC), photocatalytic method. Photobiological method
involves the production of hydrogen using microorganisms such as algae [20]. Primarily,
algae are grown photosynthetically in ambient condition, and then cultured in anaerobic
conditions for hydrogen production. Renewable hydrogen could be prepared using solar
electric energy from photovoltaic modules coupled with electrolyzer without emitting carbon
dioxide. Here the efficiency of solar-to-hydrogen conversion is particularly important ause
lesser conversion efficiency indicates larger area requirement for capturing solar energy
which impacts the overall cost of the system. In this case two schemes, namely, integrated
PV-electrolysis system and stand-alone PV-electrolysis system could be used for solar
hydrogen generation [21]. PEC devices use photoelectrode formed of photocatalyst to split
water utilizing external voltage [Figure 1.5] [22], whereas photocatalysis process includes the
involvement of semiconductor materials and light irradiation. In 1972, Honda and Fujishima
first provided evidence that hydrogen can be procured by splitting of water, when hydrogen
evolved in a photoelectrochemical (PEC) cell using a TiO, electrode along with a Pt counter
electrode [24]. Allen Bard then observed the same principle during hydrogen evolution in a

particulate system [25].
The reactions for PEC water splitting are:

At photocathode: 2H,+2e"—Hj, (1.10)

At photoanode: H20—>%02+2H++2e' (1.11)
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Figure 1.5 Hydrogen generation by photoelectrochemical process

In photocatalytic water splitting, water is being splitted, utilizing source of irradiation like

solar energy.
1.2 Photocatalytic water splitting: Present state of the Art

In photocatalytic water splitting, hydrogen is produced in presence of photocatalyst utilizing
source of irradiation, by harnessing photons of the light waves by the electrons, which creates

a series of reactions [23].
The following are the advantages of Photocatalytic water splitting:

a. Photocatalytic water splitting produces Green Hydrogen

b. This process of green hydrogen production is cost-effective compared to Electrolysis
of water and PEC water splitting. The extra cost due to the application of external
bias, as in the case of PEC water splitting is not required.

c. The process is simple: design and synthesis of photocatalyst is relatively simple

d. Water is an abundant natural resource, which can easily be used for photocatalytic

water splitting

Therefore, Photocatalytic water splitting seems to be a promising pathway of obtaining
hydrogen, considering the environmental friendliness, cost-effectivity. Photocatalytic water
splitting is a means of conversion of solar energy to hydrogen when the splitting of water into

hydrogen and oxygen takes place utilising a semiconductor catalyst upon irradiation of light.
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Figure 1.6 a Photocatalytic mechanism of hydrogen and Figure 1.6 b hydrogen
generation by photocatalytic splitting of water (V vs NHE pH 7)

The basic mechanism of the process can be explained by three major steps [Fig 1.6 a]: [26-
28]

i. generation of electrons and holes upon irradiation by absorption of photons

ii. migration of the photogenerated electrons and holes to various sites of the
photocatalyst

iii. reduction of water by these photoinduced electrons to produce H; on the surface of the

photocatalyst
The basic steps of reactions involved are as follows:
HO+2h'vg — 5 Y5 0, + 2H" E°=0.82V (1.12)
2H'+26cs  — 5 H, E°=-0.41V (1.13)
Overall reaction: H,O () —hv—s Hy(g) +%2 0 (Q) A G =+237.2 kl/mol (1.14)
Bandgap= (hc/1) =1240/M(nm) (1.15)

where ) is the wavelength of light, h is the Planck’s constant, and c is the velocity of light, h*
and e” refers to energized holes and electrons, respectively. The standard Gibbs free energy
for the splitting of water to hydrogen (H,) and oxygen (O) is +237.2 kJ/mol which equates to
1.23 eV per electron transferred (Eq. 1.14) [26-28]. This means the reaction is
thermodynamically a non-spontaneous reaction. The wavelength of the irradiated light should

be greater than or equal to the bandgap of the semiconductor for the initiation of the process.
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The band edge position should be able to generate hole-electron pairs upon irradiation. This
is possible when the bottom of the conduction band is more negative than the redox potential
of H*/H, [0 V vs NHE (normal hydrogen electrode), pH = 0], while the top of the valence
band should be more positive than the redox potential of O,/H,O (1.23 V). However the
recombination of the photogenerated electron and holes may lead to decreased efficiency of
the process producing water. The presence of adequate reactive sites for hydrogen generation
centres is an important factor for a photocatalyst. For this reason cocatalysts are developed.
Cocatalysts are used as sites for reaction, thereby catalyzing reactions and aiding in the
separation of the charges [29]. Several sacrificial agents (electron donors/acceptors) are used
to minimize the recombination rate of electron hole pairs, increasing the efficiency of the

process [30].
1.2.1. Heterogeneous photocatalysis

Heterogeneous photocatalysis can be defined as the photoreaction in presence of a
photocatalyst; usually particulate photocatalysts are suspended in photocatalytic reactors.
Heterogeneous photocatalytic reactions are usually performed in a slurry-type reactor where

the catalyst particles are suspended in the water [31].

Heterogeneous photocatalytic process involves five steps of reaction [Figure 1.7]: (i) the first
step is the step of diffusion of reactants towards the surface of the photocatalyst, (ii) the
second step is the adsorption of reactants on the surface of photocatalyst, (iii) the subsequent
reaction step takes place on the surface of the photocatalyst (iv) the fourth step is the
desorption of the reacted substances or products from the surface of the photocatalyst and (v)

finally the diffusion of products occurs from the surface of the photocatalyst [32].

i @ ii ili
¢!\ —’ by + &
| |

Figure 1.7 Steps of heterogeneous photocatalysis

Photocatalytic water splitting involves adsorption, surface reaction and desorption.
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The herat of the overall process is the photocatalytic reaction. The water splitting reaction is
an uphill reaction, following slow kinetics, hence adsorption and high retention time of water

molecule on active site of photocatalyst is a crucial step for high hydrogen yield.
1.2.2. Semiconductors as photocatalysts for water splitting

As previously mentioned, the band edge (conduction band minimum) should be positioned
lower than that of the reduction potential of H*/H, The band gap of a visible-light-driven
photocatalyst should be lower than 3.0 eV (A >415 nm) to harness the visible range [29].

Table 1.1 below shows the band gap of few semiconductor photocatalysts:

Table 1.1 Valence band (Evg), conduction band (Ecg) and band gap (Eg) of
semiconductor photocatalysts at pH 1 [33]

Name of Eve Ecs Eq
semiconductors (V vs SCE) (V vs SCE)

CdSe 1.4 -0.3 1.7
Cds 2.2 -0.2 24
SrTiO3 3.0 -0.2 3.2
ZnO 2.9 -0.1 3.0
SnO; 3.8 -0.3 3.5
TiO, 3.0 0.0 3.0
CdTe 14 0.0 14

If the band gap of a photocatalyst is lower than 3.0 eV, then it can termed as narrow band gap
semiconductor photocatalyst, whereas if the band gap of a photocatalyst is greater than 3.0
eV, then it can be denoted as wide band gap semiconductor.

i. Wide band gap semiconductors

Wide band gap semiconductors with bandgap higher than 3.0 eV, are usually active in the
wavelength, mainly in the ultraviolet region (<300 nm). This might be due to the reason
because the valence bands (VB) of these photocatalysts, comprises of O 2p orbitals with a
potential of 3 eV vs. NHE, whereas the conduction bands (CB) are more negative than 0 eV.
Oxide photocatalysts consisting of d® metal cations such as Titanates, Niobates, Tantalates,
Zirconates (Ti** Nb>*Ta>* Zzr*") display the nature of wide band gap semiconductor

photocatalyst [29]. Layered titanates, doped titanates have shown considerable hydrogen
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generation in presence of UV-irradiation. TiO; (3.2 eV) is one such fascinating photocatalyst
that finds wide application in various fields like decontamination, pollution degradation,
hydrogen generation etc. [34 a,b].Yamaguti et al. developed NaOH-coated Rh/TiO; and
Pd/Ti0O, photocatalyst, which resulted in simultaneous generation hydrogen and oxygen with
an activity of 449 umolh™ [35]. 1837 pmolh™ of hydrogen and 850 umolh™ of oxygen were
produced using K4NbgO17 using nanosize Au cocatalyst as dopant [36]. Kato and Kudo
developed several alkaline and alkali earth tantalates like NaTaOs;, KTaOs, LiTaOs,
MgTa,0, BaTa,0g, out of which BaTa,Og showed highest photocatalytic activity, whereas
2180 umolh™ H, was produced using NaTaO; [37]. The photocatalytic reduction activity for
Zirconia based photocatalysts was studied by Sayama et al, where 19.5 pmolh™ of hydrogen

and 10.8 pmolh™ of oxygen were generated [38].
ii. Narrow band gap semiconductors

Narrow band gap semiconductors exhibit excellent photocatalytic activity in the visible range
of the spectrum (380-780 nm). Several sulfides, oxy-sulfides and oxy-nitrides can absorb 600
nm of visible spectrum of light and are labeled as narrow band gap semiconductor
photocatalysts [29]. The band gap narrowing might be due to the reason of the position of the
valence bands: the valence bands consist of S 3p and of N 2p orbitals, along with O 2p
orbitals. These photocatalysts can also be used for photoelectrochemical water splitting.
Domen group developed LaTiO,N photocatalyst which displayed an activity of 30 pmolh™
H, and 41 umolh™ O, was produced using IrO, co-catalyst [29, 39]. Photocatalytic activity of
Lanthanum-Indium Oxysulfides were checked by Domen group, displaying 10 pmolh™of H,
generated [40]. Metal sulfides like CdS (2.4 eV) is a well-known visible light active
photocatalyst. Various research groups designed CdS linked ZnS (3.6eV) based
photocatalysts for efficient hydrogen generation by splitting water [41, 42].

1.2.3. Role of transition metals as photocatalysts

As discussed in the previous sections, metal sulphides, metal oxides, metal oxy-sulphides and
oxy nitrides exhibit photocatalytic activities. Often the metallic component of the
photocatalyst consists of a transition metal ion. Transition metal cations have partially filled d
orbitals, as a result variation in the oxidation states can be observed [45]. The photocatalytic
activity of the photocatalyst can be tuned by varying parameters like oxidation state, ionic
radius, spin states etc. [46]. The bandgap energy is a strong function of the number of
oxidized sites and oxidation degree of the material. In transition metals, appearance of t,y and
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eg levels during splitting of d orbital takes place, tog is at a slightly higher energy level
compared to e;. These ey and tyq levels in the band gap are advantageous for absorbing
visible spectrum of light and in increasing photocatalytic activity [47]. Basically, eq is a
subset of two orbitals i.e d,; and dy..y» and tyg of three orbitals that is dyy, dy, and d,. The
migration of the photogenerated electrons can take place in two different pathways as shown
in Figure 1.8 a and Figure 1.8 b. Upon inclusion of impurity in the form of doping, the
electrons in the VB can either migrate to tyy level by absorbing photons and then to CB
leaving holes in the VB (Figure 1.8 a), or can migrate to ey by absorbing photons of higher
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Figure 1.8a Migration of photogenerated electrons from Valence Band (VB) to tyy and
then to Conduction Band (CB) Figure 1.8 b Migration of photogenerated electrons from
VB to ey and then to CB

energy and then to CB (Figure 1.8b). As a result, an efficient separation of photogenerated

electron-hole pairs takes place during transition metal doping
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Figure 1.9 a-c Shift of conduction band and valence band by transition metal doping

Transition metal doping into wide band gap photocatalyst is done when a decrease in the
band gap is observed as the impurity states is dragged near the Fermi level, making it ideal

for electron transfer and photocatalytic reactions. Moreover doping creates excess free
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electrons, displaying coulombic attraction or repulsion, which contributes in shift of the
position of band edges. The hybridization of the s-p and p-d orbitals occurs when the
transition metal dopant is added to a photocatalyst, thereby reducing the band gap [48].
Depending upon the atomic number of the dopant, the shift of the valence band in the upward
direction and the shift of the conduction band in the downward direction, takes place [Figure

1.9 a-c], which lowers the band gap of the photocatalyst.
1.2.4. Heterojunction

Two semiconductor photocatalysts with unequal band gaps can be coupled to develop
heterojunction photocatalysts. Apart from doping, loading of metals, designing of
heterojunction photocatalyst can be one strategy for the separation of photogenerated
electrons and holes, in an attempt to reduce the rate of recombination for efficient
photocatalytic water splitting. Due to the difference in band gap, an interface is created
between the two semiconductors, causing various types of band alignments. The

heterojunctions can be divided according the nature of the band alignment.
1.2.4.1 Different Types of Heterojunctions

Serpone et al. in 1984, [43] for the first time inducted the concept of interparticle electron
transfer. Different types of heterojunction photocatalysts have been developed since then.

Generally there are three main types of heterojunctions which are as follows [44]:
i. Type-l1 Heterojunction

Type-I Heterojunction is also known as “Straddling gap” type heterojunction. In the Type-I
heterojunction photocatalytic system (vide Figure 1.10 a), the conduction band (CB) and the
valence band (VB) of Photocatalyst | (PC-1) are higher and lower than that of Photocatalyst-11
(PC-I1), respectively.Upon irradiation, accumulation of the photogenerated electrons and
holes occur at the CB and the VB bands of PC-II, respectively. Due to accumulation of
electrons and holes happen on the same semiconductor photocatalyst, the effective separation
of electrons and holes is not possible in Type-1 heterojunction photocatalyst. Also, the redox
reactions occur on the photocatalyst with lower redox potential, reducing the redox ability of
heterojunction photocatalytic system.
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Figure 1.10 a Type | Heterojunction, Figure 1.10 b Type Il Heterojunction and Figure
1.10 ¢ Type 111 Heterojunction

ii. Type Il Heterojunction

Type Il Heterojunction is also known as “Staggered gap” type heterojunction. In Type-II
heterojunction photocatalytic system, the CB and the VB bands of PC-I are higher than that
of the PC-11. When the system is irradiated, the photogenerated electrons will migrate to PC-
I, whereas the photogenerated holes will transfer to PC-I, creating a spatial separation of
photogenerated electrons and hole. Effective separation of photogenerated electrons and
holes happens in Type-lIl Heterojunction. However, the redox ability of the type-II
heterojunction photocatalytic system will be low, like that of Type-I, because the reduction
reaction happens on PC-11 with lower reduction potential and the oxidation reaction on PC-I

with lower oxidation potential.
iii. Type-111 Heterojunction

Type Il1, is also termed as “Broken gap” type Heterojunction. In Type-IIl heterojunction
photocatalytic system (Figure 1.10 c) the bandgap alignment is such that the bandgaps do not

overlap at all. As a result, the migration of electron—hole pairs and the subsequent separation
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between the two photocatalysts does not occur at all in the Type-Ill heterojunction. Hence
efficient separation is not possible in Type-lll heterojunction. Therefore, Type-II
heterojunction is the most suitable heterojunction, out of all the three systems for enhancing
photocatalytic activity due to the efficient separation of photogenerated electron and holes.

1.2.4.2 Importance of Heterojunction Photocatalytic systems

As discussed in previous section 1.2.4.1., development of heterojunction photocatalytic can
be a strategy to tackle the problem of rapid the rate of recombination by effective separation
of photogenerated electron-hole pairs, for enhanced yield of hydrogen and photocatalytic
activity.

Two semiconductor photocatalysts with non-identical band gaps has to be selected for

designing heterojunction photocatalysts.
1.3 Two-step photoexcitation: Z scheme photocatalytic systems

Photocatalytic production of hydrogen can be done via two-step photoexcitation using two
different types semi-conductor photocatalysts along with a reversible donor/acceptor pair
(shuttle redox mediator), thereby formulating a separation of charges, leading to a higher
photocatalytic efficiency with a high redox ability [71, 72]. In two component photocatalytic
system a hydrogen evolution photocatalyst (HEP) and an oxygen evolution photocatalyst

(OEP) are selectively chosen.

Several metal oxides have been used as photocatalysts for single component single step water

splitting, but the prime hindrance has been the following:

(1) the band gap should be preferably be lower than 3 eV, for absorption of visible spectrum
(2) suitable position of band-edge for overall water splitting

(3) stability of the photocatalyst and the photocatalytic reaction
1.4 Preface of Graphene: Role of Graphene in Photocatalytic water splitting

Graphene, one of the breakthrough discoveries of the twenty-first century, is actually a
uniatomic layer of sp” bonded carbon atoms. It is unique for its various remarkable properties
including a very large specific surface area (2630 m? g™), exceptional electronic mobility
(200,000 cm?Vv's™) outstanding optical transparency (~97.7 %) and an excellent thermal
conductivity (3000-5000 W m™K™) [49-50]. This may be due to the band structure of

graphene.
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The bonding 7 and antibonding w*orbitals in graphene, a zero band-gap semiconductor, touch
each other at the Dirac point with the Fermi level between the valence and the conduction
bands [51]. Moreover, the Fermi level can be shifted by doping of heteroatoms or
electrostatic field tuning [52]. The electronic properties of graphene can be readily tuned via
chemical doping with oxygen functionalities that withdraw electrons or nitrogen groups that
donate electrons chemical to form p-doped or n-doped semiconductors respectively [26].
Graphene oxide (GO), a derivative of graphene, on the other hand is an insulator due to the
disruption of delocalized © conjugation in graphene [53]. Formation of C-O covalent bonds,
damage the original orbitals. This oxygen coverage leads to the separation of bonding and
anti-bonding orbitals [28]. The valence band maximum (VBM) shifts from the m orbital of
graphene to the 2p orbital of oxygen when more oxygen is added, expanding the band gap.
Though the (7*) orbital remains as the conduction band minimum (CBM). The electronic and
structural properties of graphene can be partially restored by reducing the GO [53]. Reduced
GO (rGO) consists of aromatic sp’> domains with few nanometers in the centre and sp*-
hybridized carbon atoms in the periphery. Hence modifying the degree of reduction helps in
changing the bandgap of graphene [54]. So, functionalization of graphene can effectively
promote in synthesizing graphene based nanocatalysts. Graphene can therefore be utilised as
[55-58]:



i) Electron sink/electron transporter: Graphene has a high work function (4.42 eV) and
very high conductivity. Thus it can easily accept electrons from the conduction bands of the
photocatalyst semiconductors thereby checking the recombination of the photogenerated
electrons and holes and increasing the efficiency of the process. Graphene can easily
transport electrons through the 2D carbon matrix to the reactive sites for hydrogen
generation. Semiconductors having a wide bandgap, such as, ZnS, ZnO, TiO, have been
combined with graphene for photocatalytic reactions under UV-light and with narrow band
gap photocatalysts like CdS absorbing an appreciable fraction of visible light. Graphene acts
as an electron acceptor and transporter in such a composite and hence effectively suppress
electron-hole recombination leading to higher quantity of hydrogen generation. Moreover, a
number of variables have been discovered to impact function of graphene in this regard,
including the graphene content of the composite, the interfacial interaction, and the contact
area between graphene and the semiconductor. Three main graphene based photocatalyst
systems can be fabricated, namely, graphene-semiconductor binary system, graphene-

semiconductor trinary system and dye-sensitized graphene based system.

i) Cocatalyst: As the reduction potential of graphene is more negative than the reduction
potential of H'/, (-0.08eV), it can be used as a cocatalyst to replace most commonly used

costly noble metal cocatalyst (Pt).

iii) Photocatalyst: Functionalized graphene can be used to absorb solar spectra and can be
used for solar water splitting as photocatalyst. The conduction band minimum of rGO is
greater than that needed for hydrogen generation. (-0.52 eV vs NHE, pH=0) and the valence
band maximum consists of mainly O 2p orbital that can be altered with varying degrees of

reduction.

iv) Photosensitizer: Graphene can be tuned to be used as a photosensitizer in light driven
water splitting reactions. The electrons in the photosensitizer are generated upon absorption
of photon energy; these are then accepted in CB of the photocatalysts to produce hydrogen.
Thus the research objective is to develop graphene based semiconductor photocatalyst that is
able to absorb the visible spectra for the generation of hydrogen from water. The emphasis

should be on the fabrication of an economical, efficient, reproducible, reusable photocatalyst.
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1.5 Immobilized photocatalytic system: Hydrogel encapsulated photocatalyst into three-

dimensional (3D) network microstructures

Photocatalytic water splitting is a heterogeneous reaction and adsorption is a prime step of
this process. Adsorption is a rate controlling step. For this reason, the design of the
photocatalytic system should be done in a way so that it provides higher retention time for the
reactionIn case of powder photocatalyst, as seen in most of the literatures are powdered
nanoparticles, which displayed a number of setbacks, including metal aggregation and metal
loss during recovery, which greatly diminished the metal loading during catalyst recovery
and lowered the catalytic activity [59-60]. The recovery of catalyst nanoparticles from the
reactor is a complex process that is essential for safe hydrogen production. Catalyst recycling,
which has a strong impact on operating costs, is one of the challenges for photocatalytic
systems comprising nanoparticles.Moreover, the majority of these structured powder catalyst
systems operate in batch mode and cannot be used to control the rate of hydrogen generation
rate. On substrates such as carbons [61], Ni substrate [62-63], polymers [64], metal
phosphides [65] and ceramics [66], catalyst nanoparticles are typically immobilised.
Recently, immobilisation and encapsulation of active nanoparticle photocatalysts into three-
dimensional (3D) network microstructures have gained much interest and intense focus
among researchers for photocatalytic applications with separation-free titles [67-68]. Metal-
organic frameworks (MOFs) have been proposed to support the nanoparticles of the alloys
[61] in order to prevent metal aggregation during the reaction and to increase catalytic
activity. The porosity, high surface area and well-defined pore structure, enabled the metal-
organic framework to stabilise metal nanoparticles. As catalyst carriers, various bio-based
materials, such as wood and rattan, have been used [67-68]. Recently, hydrogel-based
materials possessing robust absorption capacities, has evolved as a topic of research, amongst
the scientists, because of their expanded three-dimensional network topologies and their
hydrophilicity, which encourages chemisorption. along with physisorption of water confined
in the channels, and good thermal and mechanical stability have attracted a lot of attention
from researchers. Hydrogel is explored as a miniature reactor to enhance the photocatalytic
hydrogen generation activity of CdS, ZnS quantum dot photo catalysts [69]. CdS embedded
in cationic hydrogel is reported [70] to enhance photocatalytic hydrogen generation. The
water adsorption capacity of the photocatalyst demonstrates the difficulty of stronger
adsorption inhibiting the subsequent desorption of hydrogen and the synthesis of

semiconductors with particular crystal planes and a reduced molecular adsorption energy [71-
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72]. Understanding the mechanism of photocatalytic water dissociation hinges on the
interfacial structure of water in contact with the photocatalyst; interaction between physically
sorbed and chemisorbed water molecules may result in superhydrophilicity of the
photocatalyst. Water stabilised in the nano confinement space behaves differently from the
water molecule on the surface of the bulk photocatalyst [73-74]. Water in nanoconfinement
exhibits properties different from that of bulk water [73]. Due to the nano-confinement of
water, change in various properties can be seen, like the change in density, surface tension
and melting or freezing point. With the increase in the spatial confinement of water, the
change in hydrogen bonding network can be seen. Due to the change in O-H stretching, the
water uptake increases. As a result of the cross linkage, in the hydrogel (Sodium Alginate)
encapsulated photocatalyst a 3D Metal Organic Framework (MOF) microstructure is created
which helps in water retention. Capturing water in a microporous organic framework or
hydrogel can be an optimal system for enhancing "nano-confined water molecules™ on the
interior active sites of a photocatalyst in comparison to a bulk water system. Surface
photocatalytic reactions to alter water molecule distribution and chemical adsorption
properties on active sites of the photocatalyst, from which it can proceed on demand at a
viable reaction state to enhance hydrogen evolution reaction activity [75] are of significant

interest.

In this current thesis, the problem of the powder photocatalyst has been addressed by the
development of a concept of hydrogel encapsulated photocatalytic system for enhancement of
photocatalytic activity. The presence of crosslinked network in hydrogel aids in the
adsorption and retention of water molecules. Hydogel materials display strong absorption,
hydrophilicity that allows both chemisorption and physisorption of water, that remain
confined in the channels [76,77]. Modification of the photocatalytic system is done by
selecting suitable hydrogel for encapsulation of the powder photocatalyst, which in turn will
improve the retention time. The variation of the mode of operation of photocatalytic water
splitting from the conventional batch to continuous can also be made possible by the

encapsulation of powder photocatalyst.
1.6. Process Bottlenecks of photocatalytic water splitting

The major process bottlenecks of the photocatalytic water splitting in the process of

becoming a commercially viable process are:

e Recombination of photo-generated electrons and holes
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e Rapid reverse reaction of formation of water from hydrogen and oxygen
e Inability to utilize visible light

e Low extent of water retention

e Metal loss aggregation of powder type photo-catalysts

e Low hydrogen production rate

In view of the present state of the art, the following research aims and objectives are
presented as follows:

1.7 Research Aims and Objectives:

The proposed research aims and objectives are:

1. Synthesis, characterization of reduced graphene oxide (rGO) based composites and
transition metal -based nano-hybrid powder photo-catalysts

2. Enhancement of photo-response and quantum efficiency by utilizing heterojunction
comprising of hydrogen evolution catalyst and oxygen evolution catalyst and rGO based as
electron transporter

3. Enhancement of photo-response and quantum efficiency by utilizing Z scheme with rGO
as the solid-state mediator

4. Encapsulation of powder like heterojunction and Z scheme photocatalytic system with
Hydrogel: Synthesis, characterization of environment friendly, recyclable, hydrogel
encapsulated 3D milli spherical bead like photo-catalysts having high water retention
capacity for batch and continuous mode of hydrogen generation: Enhancement of yield and
efficiency.

5. Development of laboratory scale set up for production of hydrogen using photocatalytic
water splitting. Testing of performance of synthesized photocatalysts for generation of
hydrogen from water, along with analysis of photo-response of catalysts

6. Performance mapping and determination of optimum conditions

7. Cost analysis for each catalysts

1.8 Overview of the Thesis

The focus and goal of this thesis is the enhancement of yield of hydrogen, activity, photo-
response, redox ability and quantum efficiency by utilizing heterojunction and two step
photoexcitation photocatalytic schemes by development of reduced graphene oxide (rGO)
based composites and transition metal -based nano-hybrid powder photo-catalysts. Moreover,
encapsulation of powder like heterojunction and Z scheme photocatalytic system with
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hydrogel has been done in an attempt to develop environment friendly, recyclable hydrogen
photocatalyst with high water retention for batch and sustainable constant continuous mode
hydrogen generation. In view of the present state of the art, efforts have been put forward to
synthesize, characterize, test and study the performance analysis of different types of
photocatalyst powder and hydrogel encapsulated photocatalysts. The synthesized materials
has thereby being characterized and the performance analysis has been done by varying
process parameter. The determination of optimum conditions has been done and a
comparative cost analysis study has been done for the different photocatalytic systems in an
attempt to address the process bottlenecks as roadblocks in the pathway of commercialization
of photocatalytic water splitting.

A schematic of the overview of thesis is given in the following section: [Scheme 1.1]:

[ Transition metal ] RGO Immobilized 3D bead like
photocatalyst:
| Powderphotocatalyst | 3D Alginate encapsulated
/ \ photocatalyst
o Two step photoexcitation -
[ Typell Heterojunction ] [ 7 schetie ]
Hydrogen Oxygen ‘
Evolution Evolution
Photocatalyst Photocatalyst High water retention
(HEP) (HEP)

[ Enhancedredoxability |

| |
Reduced recombination of electronsand holes |

High Quantum
efficiency

Enhanced
yield

Enhanced |
activity

Scheme 1.1 Overview of the thesis

Sustainable constant
continuous hydrogen
generation

Enhanced
absorptivity

According to the objectives, at first the selection of the material has been done:
1.9. Choice of material
Choice of material is a crucial step for photocatalytic water splitting reaction. Photocatalytic

material should be:
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a. Visible light active

b. Narrow band gap semiconductor with low recombination rate
c. High porosity

d. Optimum surface area

e. Adsorbent based visible light active photocatalyst

f. High photocatalytic activity

g. High recyclability

h. High water retention capacity

I. Super hydrophilicity

1.9.1 Choice of Photocatalyst

The selection of a suitable photocatalyst for efficient water splitting, capturing the visible
range of the solar spectrum has remained a topic of discussion amongst the global scientific
community. There are very few numbers of semiconductors that satisfy the necessary
requirements for both water reduction and oxidation simultaneously. The position of the

bandedge of the photocatalyst is one key determining factor in that case.
1.9.1.1. Selection of ZnO

Zinc oxide (ZnO) is a transparent semiconductor that belongs to the I1-VI family. It has
unique properties such as a 3.37eV direct band gap energy, high electron mobility,
environment-friendly, high room-temperature luminescence and a good thermal and chemical
stability, making it suitable for a wide range of applications including light emitting diodes,
solar cells, sensors, field emission displays and UV-laser applications ZnO as a photocatalyst
is stable, non-toxic and highly photosensitive, making it a suitable candidate for

photocatalytic water splitting. [78, 79].
1.9.1.2 Selection of Cadmium Sulfide (CdS)

Cadmium Sulphide is a 1I-VI semiconductor. CdS exists in two main crystal structure, in
nature: one is wurtzite and another is zinc blende structure [80]. The band edge position of
Cadmium Sulfide (vide: Table 1.1) (Eq of 2.42 eV), makes it suitable as one of the most well-
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known visible light active photocatalyst materials. The position of the conduction band of
CdS is more negative than the reduction potential of H*/H,. Due to this reason CdS is chosen

as a component, as a hydrogen evolution photocatalyst (HEP) of the Z scheme system.
1.9.1.3 Selection of Tungsten Trioxide (WO3)

Tungsten trioxide (WO3) exhibits interesting properties: visible light responsive with a hole
mobility of 10 cm?V 's™™ Moreover, WO; has photosensitivity and stability against
photostability. The valence band edge of WO3 is (Evs = 3.0 V vs. NHE at pH = 0) is such
that it is able to straddle the redox potential of O2/H20, thereby acting as an oxygen
evolution photocatalyst. During the design of two component Z scheme photocatalytic
system, WOs acts like an O, evolution photocatalyst and CdS as H2 evolution photocatalyst.

1.9.2 Selection of Sodium Alginate as Hydrogel

Sodium Alginate (C¢H2NaOg)n, is a biopolymer, comprises of hydroxyl functional groups.
Alginate can be derived in the form of fibers, beads, capsules etc. and there is numerous
application of Alginate in drug delivery, food processing, pollutant removal etc. [81].
Alginate is build up of two monomers, a-L Guluronic acid (G) and (1-4) linked B-D
Mannuronic acid (M) linked up as block copolymers. The covalent metals of the
photocatalyst interacts with the carboxylate groups of alginate by ionic cross linking, forming
ordered “egg-box” structures [82-85].In this way the immobilization of the metal ions in the
polymer matrix takes place. Sodium Alginate is inexpensive, easily available and can be a
component of the Metal Organic Framework (MOF), along with the photocatalyst for

boosting photocatalytic hydrogen generation.

After the selection of the photocatalyts, the materials are synthesized and characterized. A
brief discussion on the methodology of the processes has been discussed in the next few

sections:

1.10 Methodology

1.10.1 Synthesis of photocatalysts

a. Synthesis of Graphene Oxide (GO):

Graphene oxide (GO) has been synthesized by Improved Hummers method [28] In this

method, concentrated H,SO, and H3PO,4 are mixed maintaining 9:1 (360 ml: 40 ml) ratio and
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added to graphite flakes (3.0 g, 1 wt. equiv.). KMnO, (18.0 g. 6 wt. equiv.) is added slowly
to the mixture under continuous stirring as the reaction is exothermic in nature. The mixture
is kept stirring for 6 hours maintaining 50°C temperature. It is then cooled at room
temperature, diluted with deionised water (400 ml) and treated with 30% H,O; to reduce
residual permanganate and manganese dioxide. The resultant solution is centrifuged several
times and treated with HCI and further by ethanol. After centrifugation and washing with
deionised water a chocolate brown colour residue is obtained. It is dried, stored and used as

per requirement.
b. Synthesis of reduced Graphene Oxide (rGO) based nanocomposites:

The photocatalysts and the nanocomposite photocatalysts are synthesized by employing
hydrothermal technique and precipitation method. The synthetic processes are discussed in

details in each chapter.
1.10.2 Characterization Study

a. Morphological analysis: The morphological analysis of the photocatalysts has been done

by utilizing Scanning Electron Microcopy and Transmission Electron Microscopy

Scanning Electron Microscopy (SEM) involves the scanning of the sample surface with high
energy beam of electrons to produce high resolution images. The samples are studied using
scanning electron microscope utilizing 15.0 kV of voltage, for charging electrons. Energy
Dispersive X-ray spectroscopy (EDS) set up attached with the SEM instrument is used to

detect the elemental composition of the samples.

Transmission Electron Microscopy (TEM) involves the transmission of electrons through
sample to form an image. The TEM micrographs are obtained by utilizing a electron beams
at a voltage of 200 kV.

b. Identification of bonds: The identification of bonds and the detection of the functional
groups present in the synthesized photocatalysts has been determined by Fourier Transform
Infrared Spectroscopy (FTIR) in FTIR spectrophotometer by forming KBr pellets.

c. Crystallinity Study: The crystalline nature of the synthesized photocatalysts has been
studied by using X-ray Diffraction (XRD) in X-ray Diffractometer applying 40 kV voltages,
30 mA current, 1.2 kW power in the 20 range for all samples from 10 to 90°. The crystallite

size is determined by Scherrer equation which is as follows:
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D = KA1/Bcos6 (1.16)
d. Optical property measurement
UV-Vis Spectrocopy

The optical nature of the samples is analysed using UV-Vis Spectroscopy using UV-Vis
Spectrophotometer. UV-Vis Spectroscopy is a type of spectroscopy technique where the
electronic transitions are studied when the sample is exposed to light. The band gap of the

synthesized photocatalysts are determined by Tauc plot analysis following the equation:
ahv = A(hv — Eg)" (1.17)
Photoluminescence Spectroscopy

The photoluminescence spectroscopy (PL) of the samples is done to study the degree of rate
of recombination between the photogenerated electrons and holes. The PL spectroscopy is

done in a Fluorescence Spectrophotometer.

e. Surface Chemical State Analysis: The surface chemical states of the different elements
present in the photocatalyst composites are studied using X-ray Photoelectron Spectroscopy
(XPS) The binding energy of the elements are analysed and the shift of the electron clouds
signifies the formation of heterostructures in these nanocomposites.XPS is done employing

mono-energetic Al ka x-rays.
1.10.3 Performance Study and analysis
1.10.3.1 Photocatalytic Hydrogen Generation:

The photocatalytic performance study of the photocatalysts are done by utilizing LED lamp
(45 W) and solar simulator (100 W, 1.5 G A.M.) as sources of illumination.

1.10.3.1.1 Components of Photocatalytic water splitting reaction setup

The photocatalytic reaction setup constitutes of the two major components:

a. Photoreactor

The photocatalytic reactions are carried out in photoreactor systems which are irradiated by
sources of illumination. The design of the photoreactor systems has to be done for maximized
output by absorbing the photon energy of the light source. Most commonly used design of
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photocatalytic reactors constitutes of annular photoreactor,parabolic trough photoreactors etc.
In this work, cylindrical type photoreactor has been designed for the photocatalytic water

splitting reactions. Solar Simulator and LED has been used as sources of irradiation.

b. Source of Irradiation

i. Solar Simulator

Solar simulator or sunlight simulator is a scientific apparatus used in controlled lab settings to
simulate sunshine. It is crucial for the study and testing of processes and systems that either
depend on sunlight or are impacted by it, such as solar fuels, sunscreens, solar cells,
polymers, coatings, and other photosensitive materials. The light source is the primary
element of the solar simulator. Short- and long-arc Xenon (Xe) lamps are the most commonly
utilized light sources, but other light sources are also employed, such as metal halide (MH)
arc lamps and quartz tungsten halogen lamps and more recently light-emitting diodes (LEDs).
Oriel® LCS-100TM small area Sol.1A series solar simulator has been used in this thesis.

Following are the basic components of a solar simulator
1. Light Source
2. Power Supply

The Xenon bulb displays a comparatively continuous spectrum from 300 nm to 2000 nm.
Due to this reason, Xenon arc lamp is famous in the market for the last forty years and in this

work, simulator used have ozone free Xenon lamp.

ii .Band Pass Filter

Filters that pass a set of wavelengths, while restricting other wavelengths, are known as
bandpass filters. They are common filters suitable for a wide range of optical applications.
Bandpass optical filters transmit only a defined range of energy of the electromagnetic
spectrum. Two types of band pass filters have been used in this work: 350 nm and 420 nm.
Evaluation of apparent quantum efficiency (AQE) using visible range band pass filter (420

nm) with solar simulator.

iii.LED

LED or Light Emitting Diode is basically semiconductor device that emitting light when
electric current is passed through it. Electrons in the semiconductor recombine with the holes,
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when electric current is passed through it, and energy is released in the photonic form. This
energy is utilised as source of light. The power consumption is low in LED devices. LED
light is used as source of light in various photocatalytic water splitting reactions. In this work,
45 W LED light has been used.

1.10.3.1.2 Modes of operation

Usually, photocatalytic water splitting reactions is carried out in batch mode photoreactor
setup. Continuous mode of operation is also carried out during the experimental studies while

testing the photocatalytic activity of hydrogen encapsulated photocatalyst system.

An overview of the batch and contintinuous modes of operation has been discussed in the

following sections:
a) Batch mode of operation:

In this mode fixed volume of water is kept in the reactor along with the photocatalyst. . First
and foremost the photocatalytic reactor was purged with inert gas. Photo-catalyst was then
introduced in the water, inside the reactor. Sacrificial agent (methanol) might be added
Continuous stirring of the solution was done by magnetic stirring. The photograph of the

reactor setup was shown below:

‘Water Source with penstaltic pump

Figure 1.12 Photocatalytic Reactor Set Up: Batch mode

After some time, gradual bubble formation was observed. The gas was passed through
oxygen trapping setup containing alkaline pyrogallate solution. The time and the volume of

gas generated were noted down.
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Figure 1.13 Continuous Mode Photocatalytic Reactor Setup using spherical bead
water-adsorbent cum photocatalyst
b) Continuous mode: Water is continuously fed to the bed of photocatalyst through
peristaltic pump. Packed bed reactor is filled with beads like photo-catalyst and water/ water
vapor is fed continuously through the bed. The experimental setup for continuous mode of
photocatalytic hydrogen generation using hydrogel encapsulated bead photocaalyst is

depicted in Figure 1.13.
1.10.3.1.3 Performance Analysis of Photocatalytic water splitting

The performance of a specific photocatalyst is analysed in terms of photocatalytic activity
and apparent quantum efficiency (AQE). Whereas Solar to Hydrogen (STH) conversion
efficiency is another such metric to measure the efficiency of a photocatalytic reaction and

this is applicable for systems when the source of irradiation is solar energy.
a.Calculation of STH (%):

STH is an absolute standard of measurement of performance of photocatalysts in presence
of sunlight or simulated sunlight. The definition can be presented in the form of the
equation:

TH, XAGH20X100
IXS

(1.18)

Here r,, AGy, o, I and S represent Hydrogen evolution rate, Gibbs Free Energy of water

splitting, light energy flux and the irradiation area respectively.
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b. Calculation of AQE (%0):
Quantum vyield is a factor to determine the performance of photocatalysts during splitting of

water. It can be defined as:

Number of reacted electrons
(%)= !

Q.. 100 (1.19)

Number of incident photons

If a photon (Epnoton) Of wavelength of i, (nm) is incident during a photocatalytic water
splitting reaction, the energy of this one photon calculated using the equation:

Ephoton = (1-20)

llnC

where h (J-s) is Planck’s constant, ¢ (m-s™) is the speed of light , Zinc (M) is the wavelength of
the monochromatic light that is incident. The energy of the incident monochromatic light
(Etotar) s calculated using the following equation:

Eiotat =P st (1.21)

here P (W-m) is the power density of that incident monochromatic light,
S (m?) is area that is being irradiated , t (s) is the duration of the exposure of the incident light

The total number of incident photons can be determined from the given equation:

Number of incident photons = —tetal — Pshinct (1.22)
photon hc

Apparent Quantum Yield is twice the ratio between number of hydrogen molecules evolved
by number of incident photons multiplied by 100.

2 X Number of hydrogen moleculed generated

A.Q.Y (%)= x 100 (1.23)

Number of incident photons

This can be seen from the equation

A.QY (%) = % X 100 ; Where nH,; (mol) is number of molecules of hydrogen

evolved over the duration t of the incident light Na (mol™) is Avogadro’s constant
1.10.3.2 Photo-electro-catalytic (PEC) Performance

In this thesis, the Photo-electro-catalytic water splitting was carried out in a three electrode
cell. The working electrode was developed by layering the synthesized heterostructure
photocatalyst, reference electrode was that of Ag/AgCI electrode and the counter electrode
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was Pt electrode. The electrolyte was 0.5M solution of Sodium Sufate (Na,SO,). The source

of irradiation was solar simulator (1.5 G A.M.).

Alligator clips

\

Platinum CE
Ag/AgCI RE

Molar
Electrolyte
Solution

Incidentlight Photocatalytst
/ g \u coated FTO

Figure 1.14 Setup for PEC performance analysis

Photoelectrodes: The photoelectrodes were prepared by coating photocatalyst on the
Fluorine Doped Tin Oxide (FTO) coated glass substrates employing techniques like
hydrothermal method, spraying, spray pyrolysis etc. FTO glass substrates are electrically
conducting by nature. One side of the FTO glass is coated with Fluorine Doped Tin Oxide
and is conducting by nature, while another side is highly insulating in nature.

IPCE (Incident Photon to Current Density) Calculation

Incident Photon to Current Density is a measurement of efficiency of photon to current

conversion, defined by the ratio between the photocurrent obtained as output to the number of
incident photons as input, for a particular wavelength.

1240,

IPCE= For

X 100% (1.24)

Here, j,, is photocurrent density (in A) at a specific wavelength 4, 4 is the wavelength of the
incident light and I is the intensity of light for the wavelength at the film surface, here the
value of I is 100 mW/cm?.

1.11 Brief description of research work
The chapters in the subsequent segments of the thesis are as follows:

Chapter 2: Synthesis, characterization and performance analysis of rGO and transition metal
based hetero-junction photocatalytic system ZnO-rGO-WO3; for enhanced yield of hydrogen
by water splitting
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Chapter 3: Exploration of solid state mediator rGO based dual component CdS-rGO-WOs3, Z

scheme photo-catalytic system for enhanced hydrogen generation from water splitting

Chapter 4: Organic alginate encapsulated rGO-WO3 based photocatalyst for continuous solar

green hydrogen generation

The entire research work is schematically presented in Scheme. 1.2
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Synthesis of photocatalysts: Hydrothermal, Precipitation Method

Characterization:

Morphological characterization: SEM, TEM, EDAX

Identification of groups: FTIR

Crystallinity study: XRD

Optical property: UV-Vis Spectroscopy, Band gap determination

Degree of recombination: Photoluminescence Study

Electrochemical Characterization: |-V measurement, Photocurrent measurement
Performance Analysis: Variation of irradiation source; loading of rGO, metal; mode of reaction
Cost Analysis
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Scheme 1.2 Schematic representation of research carried out in the present thesis
1.11.1 Chapter wise Research Description
Subsequent few paragraphs are dedicated to brief on the chapters presented in this thesis.
Chapter 2

In Chapter 2, exploration of transition metal based heterojunction photocatalytic system had
been done. ZnO (band gap 3.37eV) had been chosen as the photocatalyst along with
transition metal WO3 considering their bandgap for harnessing the wide solar spectrum, from
UV to visible range. Pristine ZnO, nanocomposites of rGO-ZnO had been prepared by
hydrothermal technique by varying the loading of ZnO, keeping loading of rGO constant in
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the ratio: 1:1, 1:2, 1:3, 1:4. Heterojunction rGO-ZnO-WOj3; had been developed by a facile
hydrothermal technique. ZnO hexagonal nanorods and nanocuboids of WOj3 was found in the
Scanning Electron Microscopy study. Photocatalytic performance study of rGO-ZnO (1:1,
1:2, 1:3, and 1:4 weight ratios) was done to get optimal ZnO loading in rGO for maximum
hydrogen production, which is 1:3. Modification of optimal rGO-ZnO(1:3) photocatalyst by
WO3; was done to obtain best photoactive rGO-ZnO/WOQj3; heterojunction photocatalyst for
increasing the yield of hydrogen production. According to Tauc plots the optical band gaps of
pure ZnO, ZnO-WO;, rGO-Zn0O (1:3), and rGO-ZnO (1:3)/WO;3 photocatalysts are 2.69,
2.58, 2.50, and 2.11 eV, respectively. PL study showed the decrease in the degree of
recombination of electrons and holes. The performance analysis was done by varying the
process parameters: like the source of irradiation, using LED and Solar Simulator.About 5.13
times higher yield of H, was obtained for rGO-ZnO-WO3 (13.2 mmol/gh) when compared to
pristine ZnO (2.57 mmol/gh). rGO-ZnO-WQO; displayed an AQE of 3.40% at 420 nm.
Subsequent cost analysis was done, which showed that considering 4 cycles of recyclability
the cost for production of 1 mole of H2 is $ 652.5. Chapter 2 is schematically represented as

Scheme 1.3 as below:

Chapter 2

Synthesis, characterization and photocatalytic performance study of rGO-ZnO/WO,
heterojunction photocatalyst for solar green hydrogen generation
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> Method of B Maximized $652.5 for 1
synthesis: Variation of yield f?r rGo- mol H2
Hydrothermal » Morphological:SEM, process Zn0 (1:3)-WOs [ generation(inc
TEM parameters: heterojunction luding 4 times
» Loading of D | photocatalyst: recyclability
rGO:ZnO * Crystallinity: XRD 13.2 Vah activity of
< 1 - Surface chemical + Source of -2 mmolig rGO-Zn0
. :; state: XPS, irradiation: about 5.13 pég;gt:vt;;st
v 1:3 Optical: UV-Vis LED (45w, || times higher
. s Solar than pristine
7 4 pectroscopy, >
1:4 . ZnO:
> Heterojunction Bandgap Simuintor 2 57 mmollah
: ) calculation, PL 100 W - g
with WOa:
: (1.5GAM.)
rGO-ZnO(1:3) AQE 3.40% at
-WOs Y, J | 4200m ) J

Scheme 1.3 Schematic representation of Chapter 2

38



The role of heterojunction in the enhancement of photocatalytic H2 and the plausible

mechanism activity has been discussed in Chapter 2.

Chapter 3

In Chapter 3, exploration of two step photoexcitation scheme had been done. Chapter 3 is
schematically represented as Scheme 1.4. CdS(band gap 2.42eV) and WOg3 (band gap 2.48
eV), were selected due to their suitable band edge positions where CdS played the role of

Hydrogen Evolution Photocatalyst (HEP) and WO3; as Oxygen Evolution Photocatalyst

(OEP) and rGO as an excellent electron transporter acted as a solid- state mediator, between
two photocatalysts: CdS (HEP) and WOg3; (OEP). Pristine CdS, WO3;, rGO-CdS, CdS-rGO-
WO;3; had been prepared by hydrothermal techniques.Subsequently the variation of loading of
rGO had been done as follows: 10%, 20%, 30%, 40%. The optimal loading of rGO had been
determined to be 20% based on the performance study. The heterostructure CdS-rGO-WO;

had been prepared based on this loading of rGO. The Z scheme photocatalytic system of

CdS-rGO-WOj3 had been tested and characterized by various characterization techniques.

CdS nanorods and nanoplates of WO3 scattered on sheet of rGO

Chapter 3

Synthesis, characterization and photocatalytic performance study of solid-state mediator rGO
based CdS-rGO-WO; Z scheme photocatalytic system for solar green hydrogen generation
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Scheme 1.4 Schematic representation of Chapter 3
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were found in SEM study. The calculated band gaps of CdS, WO3, rGO-CdS, CdS-WOj3 and
CdS-rGO-WOQ; are found to be 2.40, 2.48, 2.36, 2.30, 2.20 eV respectively. The effect of
rGO loading in increasing absorptivity and tuning the band gap of the photocatalyst is
confirmed by the band gap calculation. Surface chemical states had been studied by X-ray
Photoelectron spectroscopy, also the formation of the Z scheme had been verified by XPS,.
Photoluminescence Spectroscopy was done to determine the degree of recombination of the
electron-hole pairs.Urbach energy plot was done to determine the defect state. Zeta Potential
study was done to identify the surface charges and the stabiliy of the as synthesized
nanocomposite in a colloidal system. The performance analysis was done by varying the
process parameters: like the source of irradiation, using LED and Solar Simulator.About
times 3.35 times higher yield of H2 was obtained for CdS-rGO-WO; (10.64 mmol/gh) when
compared to pristine CdS (3.17 mmol/gh), using LED as light source, activity was also
checked using solar simulator when 11.69 mmol/gh activity was seen for CdS-rGO-WO3 and
4.9 mmol/gh for CdS.. The effect of enhancement of activity using solid redox mediator in Z
scheme compared to liquid redox mediator (Fe**'Fe®*) was found to be about 1.8 times more.
IPCE of 0.549 (1.23 vs RHE) was obtained for CdS-rGO-WO3 during photoelectrochemical
performance study . The Solar to Hydrogen Efficiency (STH %) for the nano-heterojunction
CdS-rGO-WO3 was calculated to be 0.62 and the Apparent Quantum Efficiency (AQE %)
was estimated to be 1.5 (A=420 nm) during operation using solar simulator. Subsequent cost
analysis was done, which showed that considering 4 cycles of recyclability, the cost for
production of 1 mole of H2 is $ 575. The plausible mechanism of the CdS-rGO-WO; Z

scheme photocatalytic activity had also been discussed in Chapter 3.

Chapter 4 A novel 3D millisphere of organic alginates hydrogel-encapsulated
graphene-supported CdS-rGO-WO3; and rGO-ZnO-WO; photocatalyst with high water
retention capability was designed in Chapter 4. The water uptake or sorption
characteristics of rGO-CdS-Alginate, rGO-CdS-WOgs-alginate and rGO-CdS-ZnO-
alginate at the room temperature (20°C) was studied, which were 96.9% and 97.7%,
respectively. Water in a microporous organic framework or hydrogel may be an
optimum method for boosting "nano-confined water molecules” on the inner active
sites of a photocatalyst. Surface photocatalytic reactions to change the distribution of
water molecules and chemical adsorption qualities on photocatalyst active sites, from
which it may continue on demand at a viable reaction state to boost hydrogen
evolution reaction activity are of great interest. Therefore, the high water retention
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capability was investigated for enhanced solar hydrogen production from water using
batch and continuous modes of operation for a pressure-driven flow-through system
under full band solar irradiation. It was observed that below a critical flow rate, this
steady rate of hydrogen generation becomes and the the slope of the curve of amount
of evolved hydrogen generation versus time becomes almost constant and attains the
steady rate of hydrogen generation, which is invariant of the inlet flow rate and attains
almost a constant value of 29.16 mmol/h. The photocatalytic activity of rGO-CdS-
WOs-alginate and rGO-ZnO-WOs-alginate were obtained to be 81.8 mmol h™* g* and
90.63 mmol h™* g%, the enhancement addressing the issue of high photo charge carrier
recombination rate, short hole diffusion length, and sluggish water oxidation kinetics.
The recyclability of the photocatalyst was investigated over the course of four
successive cycle and it is found that after one month (30 days), rGO-CdS-WOs;-
Alginate millisphere photocatalyst loses 5.92% of its initial activity. Chapter 4 is

schematically represented as Scheme 1.5.
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Scheme 1.5 Schematic representation of Chapter 4
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The toxicity and the photocorrosion problems of the CdS based photocatalyst was
addressed by encapsulation of the photocatalyst by 3D Alginate organic framework as
revealed in the cell viability test: the percentage of cell for the alginate encapsulated
photocatalyst was much higher than the powdered photocatalyst. Subsequent cost
analysis was done, which showed that considering 4 cycles of recyclability, the cost
for production of 1 mole of H2 is $ 85 for 1 mol H2 generation(including 4 times
recyclability for CdS-rGO-WOgs-alginate and 97.5 for 1 mol H2 generation including 4
times recyclability for rGO-ZNO-WOs-alginate.

Chapter 5 concludes the outcome of the research work presented in this thesis and mentions

the future scope of research in the related field.
1.11.2 Supporting work

Annexure-l reports the synthesis, characterization and photocatalytic performance study of

rGO-SnFe,0,4 photocatalyst for solar hydrogen generation
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Chapter 2

Synthesis, characterization and photocatalytic
performance study of rGO-ZnO/WO;

heterojunction photocatalyst for solar green

Highlights:

hydrogen generation

Synthesis of rGO-ZnO photocatalyst using different weight ratios to
provide the best ZnO loading in rGO for the highest possible hydrogen
production.

Modification of optimal rGO-ZnO (1:3) by WO;3; to obtain the best
photoactive rGO-ZnO(1:3)/WO3; heterojunction photocatalyst for
increasing the yield of hydrogen production.

The rGO-ZnO (1:3)/WO3 heterojunction photocatalyst shows the greatest
hydrogen generation rate of 13.29 mmol g™ h™ under visible light

irradiation of solar simulator.
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2.1. Introduction

The rapid consumption of fossil fuels is a key factor in the development of contemporary
industrial society. Governments, scientists, and the general public, however, have become
acutely aware of the depletion of fossil fuel resources and the ensuing environmental
problems in recent decades. Today, the investigation of renewable energy sources is receiving
a growing amount of focus and emphasis [1-3]. The most plentiful and renewable source of
sustainable energy is solar energy. One of the most promising methods to address the
aforementioned energy crisis and environmental challenges is the environmentally benign,
economically viable, and efficient solar-to-fuel conversion [4-6]. Since hydrogen is a clean
energy carrier and water and unlimited solar energy are endless, photocatalytic hydrogen
generation from water splitting offers a potentially sustainable solution to meet the future
demand for green energy without causing environmental harm. In order to address all of these
problems, a phenomenon known as photocatalysis is quite promising. In this process, the
electrons are excited from valence band (VB) to conduction band (CB) by light irradiation
resulting in photoinduced electron-hole (e~ & h*) pairs, which can be used to produce clean
energy and clean up the environment [7-10]. A crucial prerequisite for cost-effective
photocatalysis applications is a semiconductor photocatalyst that is stable, effective, and
affordable, has a large number of adsorption sites and active centres on its surface, and can
harvest light from the entire solar spectrum. A significant area of scientific interest is the
identification of photocatalysts with improved potential for various photocatalytic processes
employing solar energy [11-13].

In this present work Zinc oxide (ZnO) photocatalyst is preliminary chosen for photocatalytic
hydrogen production study beacase ZnO has received the most attention among the metal
oxide semiconductor photocatalysts due to its potent oxidation and reduction capabilities,
non-toxicity, and tunable shape. Although ZnO has a confined light response zone and a
reasonably substantial direct band gap energy (3.2 eV) and excitation binding energy (60
meV) at ambient temperature, its use in photocatalysis is severely constrained. Additionally,
low photocatalytic activity of ZnO is caused by its rapid electron-hole (e’-h+) recombination
rate as a single-component photocatalyst [14-18]. Therefore, photocatalytic performance of
ZnO needs to be further enhanced from the perspective of practical use and economic
advantages [19-20]. The morphology and structure design of ZnO for better light absorption,
such as nanorods, nanosheets, nanowires, and hollow structures, have attracted a lot of study

attention in order to increase photocatalytic activity [21-23]. These distinctive architectures
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will give ZnO excellent advantages over bulk ZnO, such as increased surface area, a shorter
charge carrier transit path, and more active reaction sites, all of which are essential for
improving photocatalytic performance. In this work ZnO nanorods are synthesized for the
photocatalytic performance study because the nanorod structures play a key role in the field
of catalysis due to a high light absorptivity, abundance of active sites while assisting the mass
transfer process.However, the high recombination rate of the photogenerated e’h” pairs still

limits the enhancement in photocatalytic performance of nanorod ZnO [24-28].

Further graphene or reduced graphene oxide (rGO) has been included into ZnO nanorod
photocatalyst to help with these issues and to enhance the charge separation of ZnO nanorods
because graphene, is a 2D sp? carbon-based uniatomic sheet that has been extensively used to
produce hydrogen and storage of hydrogen. Graphene has a wide base of application in the
field of photocatalysis, supercapacitors and electronic gadgets due to its excellent
conductivity (~15,000 m?> V' s* at room temperature), high chemical stability, a large
theoretical specific surface area (~2600 m? g %), pore size distribution and remarkable
capacitive performance. Graphene or reduced graphene oxide also enhances the active sites
and the adsorption in a photocatalytic system for hydrogen generation. This is due to the large

specific surface area of Graphene. [29-33].

In this work the optimal amount of ZnO and rGO has been coupled into multicomponent
heterojunctions to create good photocatalysts which has been further investigated to improve
the photocatalytic activity. An enhanced adsorptivity of reactant, superior absorption of light
and effective charge transfer and separation can be found with an enhancement in
photocatalytic efficiency of rGO-ZnO (1:3) composites, can be observed in the present study
[9]. Further Tungsten oxide (WQ3) is also incorporated into rGO-ZnO (1:3) nanocomposites
to form rGO-ZnO (1:3)/WOj3 heterojunction photocatalysts to boost the yield of visible light-
driven hydrogen production. Actually WOs3; stands out as a potential candidate with its
outstanding optical properties, tuneable bandgap, and significant visible light absorption and
it is also nontoxic, inexpensive, and stable in acidic and oxidative settings. Because of its
unique electrical and optoelectronic properties, excellent photo-corrosion stability, and ease
of recycling, it has potential applications in enhanced photocatalytic hydrogen production.
Binary nanocomposites consisting of WO3; and rGO-ZnO (1:3) show greater cumulative
photo-efficiency than corresponding pure nanostructures due to the formation of Type-II
heterojunction. The majority of Z-scheme photocatalysts have the drawback of requiring an

electron/redox mediator; however, Type-ll heterojunctions between two semiconductors
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permits a beneficial cyclic movement of photo-induced e and h+ couples, causing spatial
separation and eliminating this necessity. To comprehensively characterise the synthesised
nanocomposites, XRD, SEM, TEM, EDX, and PL are utilised.

The focus of this chapter is the synthesis of rGO-ZnO/WOj; heterojunction photocatalysts,
their characterization and their photocatalytic activity study for green hydrogen production.

The specific objectives are enlisted below:

I.  The synthesis of rGO-ZnO photocatalysts hydrothermally with various ZnO loadings
in fixed rGO concentrations (1:1, 1:2, 1:3, and 1:4 weight ratios, respectively).

Il.  Photocatalytic performance study of rGO-ZnO (1:1, 1:2, 1:3, and 1:4 weight ratios) to
get optimal ZnO loading in rGO for maximum hydrogen production.

I11.  Modification of optimal rGO-ZnO photocatalyst by WOj3 to obtain best photoactive
rGO-ZnO/WO3 heterojunction photocatalyst for increasing the yield of hydrogen
production.

IVV.  Structural and morphological characterization of the synthesized photocatalyst.

V.  Photocatalytic performance study of rGO-ZnO/WQj3; photocatalyst under visible light
illumination.

VI. Identification of the Product.

VIIl.  Photocatalytic activity study.

The major research problem is addressed in this chapter; the problem definition is as follows:

Problem definition:

Synthesis, characterization and photocatalytic performance study of rGO-

Zn0O(1:3)/WO3 heterojunction photocatalyst for solar green hydrogen generation

2.2. Experimental

2.2.1 Materials and Methods

All reagents namely zinc nitrate [Zn(NO3),.6H,0], KOH, sodium tungstate dihydrate
(Na;WQ4.2H,0), sodium chloride (NaCl), hydrochloric acid , ammonia (25%), graphite
flakes (Loba Chemi, extra pure 99.5 %, 50 um average sizes, bulk density 20-30 gm. /100
ml), sulphuric acid (H2SO,) (Merck, 98%), phosphoric acid (H3PO,) (Merck, 88%) potassium
permanganate (KMnO,) (Merck, 99% purity), hydrogen peroxide (H,O,) (Merck, 30%),
hydrochloric acid (HCI) (merck-35%), ethanol (C,HsOH) (Merck, 99.9% purity), deionized
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water (with resistivity of 18.25 MQ), of analytical grade, procured from Sigma Aldrich are

used without any further purification.

2.2.2 Synthesis of ZnO nanocomposite:

In the direct precipitation method, zinc nitrate and KOH are utilised as precursors to generate
ZnO nanocomposite. Deionized water is utilised in this investigation to make aqueous
solutions of 0.2 M Zn(NO3),.6H,0 and 0.4 M KOH. To make a white suspension, forcefully
mix the zinc nitrate solution while gradually adding the KOH solution. The white residue was
centrifuged at 5000 rpm for 30 minutes, then washed three times with distilled water and
once more with ethanol. The finished product is calcined in an air atmosphere for three hours
at 500°C.

2.2.3 Synthesis of rGO-ZnO:

To study the effect of ZnO loading on the photocatalytic H, production, the synthesis of rGO-
ZnO nanorod is performed with different amount of ZnO loading of 1:1, 1:2, 1:3 and 1:4
weight ratio, respectively, with a fixed concentration of rGO solution. Different amount of
zinc nitrate hexahydrate [Zn(NO3),.6H,0] are separately added to 50 mL of GO solution
which is synthesised by the modified Hummers method. The pH value of four different
rGO/ZnO with weight ratio of 1:1, 1:2, 1:3 and 1:4 is set to 11 by ammonia (25%) under
stirring for 3 hours. After stirring, the four mixed solutions are transferred separately to 100
ml Teflon-sealed autoclaves for 24 hours of heat treatment at 180°C. rGO-ZnO (1:1), rGO-
ZnO (1:2) rGO-Zn0O (1:3) and rGO-Zn0O (1:4) nanocomposites are collected after cooling by
extensively filtering and washing with water and ethanol and drying in a hot air oven at 75°C

for 8 hours.
2.2.4 Synthesis of ZnO-WO3; nanocomposite:

Hydrothermal processing of synthesised ZnO nanocomposite, sodium tungstate dihydrate
(Na;W0,.2H,0), and sodium chloride (NaCl) results in ZnO-WO3; nanocomposite. As a
surfactant, hydrochloric acid is employed in this procedure. 1 g of synthesised ZnO
nanocomposite, 2 g of (Na,WO4.2H,0), and 0.74 g of NaCl are combined in 70 ml of
deionized water and agitated for 60 minutes at 700 rpm. During the stirring procedure, 8 mi
of HCl is added to the aforementioned solution drop by careful drop. After that, the mixture is
continued churning for an additional 60 minutes. The solution turned pale yellow after the
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addition of HCI. After 60 minutes of stirring, the whitish yellow solution is placed in a
Teflon-lined autoclave and heated in the muffle furnace at 180°C for 24 hours. Finally, the
synthesised catalyst is washed three times with distilled water and ethanol before being dried
in a hot air furnace at 75°C.

2.2.5 Synthesis of rGO-ZnO(1:3)/WO3 heterojunction photocatalyst:

It has been revealed that rGO/ZnO(1:3) exhibits the enhanced photocatalytic hydrogen
generation of all the synthesised rGO/ZnO photocatalysts [Figure 2.6 a]. So that to form
rGO-ZnO(1:3)/WO;3 heterojunction photocatalyst for achieving highest yield of H;
production a solution of sonicated rGO-ZnO (1:3) is combined with sodium tungstate
dihydrate (Na,W0O,.2H,0) and sodium chloride (NaCl). In this 60-minute stirring operation,
the aforementioned solution is delivered as a surfactant by hydrochloric acid. Following
magnetic stirring, the solution is transported to a Teflon-lined autoclave and placed in a
furnace for 24 hours of heat treatment at 180°C. After filtering and washing with water and
ethanol, the rGO-ZnO (1:3)/WOj3 heterojunction photocatalyst is dried at 75°C for 8 hours.
Figure 2.1 represents the schematic image of synthesis procedure of rGO-ZnO(1:3)/WO3

heterojunction photocatalyst.

Zinc Nitrate hexahydrate Addition of
Ammonia rGO-ZnO nanorods ‘ Na,W0,.2H,0
(25%) 7 /‘j
| BN}

Gravhene
Oxid | /
- oxee. 70°C / 700 rpm

Hydrothermal
P (180°C) /24 hours
70°C /700 rpm |
X0
4
Addition of NaCl
= and subsequent
ZnO nano rod WO; nano cuboid HOI

3

Hydrothermal
(180°C) /24 hours

=" [ rGO- ZnO(1:3)WO; heterojunction photocatalyst |

Figure 2.1: Schematic representation of synthesis procedure of rGO-ZnO(1:3)/WO3

heterojunction photocatalyst
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2.2.6. Characterization:

The morphological structure of the synthesised nanocomposite is examined using scanning
electronic microscopy (SEM - JEOL JSM-7600) and transmission electronic microscopy
(JEOL JEM 2100). The crystallographic characteristics of the resulting nanocomposite are
examined using an X-ray diffractometer (Xpert-PRO diffractometer system). The UV-Vis
absorbance spectra of synthesised visible light-active nanocomposite are examined using a
PerkinElmer Lambda 35 UV-Vis spectrophotometer to determine the absorption edge and
band gap energy. To assess the lifetime of the photogenerated charges, photoluminescence
(PL) spectra are performed using a TRIAX 320 detector (excitation wavelength: 380 nm). X-
ray photoelectron spectroscopy (XPS: AXIS Supra Model with Al K - 1486.6 eV Dual Al K/
Mg Ka chromatic X-ray source) is used to examine the defect type, concentration, chemical
state composition, and variation in band structure in the sample.

2.2.7. Photocatalytic Hydrogen Generation:

The photocatalytic performance of the synthesised nanocomposite is assessed by producing
H, through water splitting. The experiment utilised a solar simulator (manual shutter,
Newport Oriel LCS-100) and the intensity was set to 113 mW cm®. The AM 1.5G air mass
filter installed in the LCS-100 solar simulator (Class ABB) can accomplish class A spectral
performance in conformance with the output of 1 sun irradiance as specified by IEC and
ASTM standards. Photocatalytic hydrogen generation of all catalysts was performed at room
temperature using a specially designed glass photocatalytic reactor which is represented in
Figure 2.2. 0.2 g of the photocatalyst was dispersed in 100 ml of deionized water, and 5 ml
CH3OH was used as sacrificial agent. Before each photocatalytic reaction experiment, the
developed glass reactor was purged to remove O, (air) via a vacuum pump (Rivotek, 30
LPM). The photocatalytic reaction is continued for more than 7 hours until the rate of
hydrogen generation decays to zero.

The performance of a specific photocatalyst is analysed in terms of photocatalytic activity
and apparent quantum efficiency. The photocatalytic activity (of the different photocatalysts
is evaluated from the cumulative hydrogen production versus time data. Experiments are
performed using the full band spectra of the solar simulator as well as bandpass filters at 420
nm. Apparent quantum yields (AQYSs) are determined using a 420 nm band pass filter. The
light intensity was adjusted to 100 mW cm > which was measured using a power meter

(Newport 843-R). The radius was irradiated across an area of 14.44 cm® The number of
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incident photons from the solar simulator (Newport LCS-100) was measured with a power
meter (843-R, Newport). Apparent quantum yields (AQYs) were calculated by the following
equation (2.1), as previously reported [34].

2xThe number of evolved Hydrogen molecules

AQE(%) =

x 100 (2.1)

The number of incident photons

Figure 2.2: Experimental set-up for photocatalytic performance study of rGO-

Zn0O(1:3)/WOs heterojunction photocatalyst using solar simulator as visible light source

2.3. Results and discussion
2.3.1 Morphologies and structure of rGO-ZnO (1:3) /WOj3 heterojunction photocatalyst
2.3.1.1 XRD analysis:

As-produced ZnO, rGO-Zn0O (1:3), ZnO-WO3; and rGO-ZnO(1:3)/WO3 crystal quality and
orientation are examined using X-ray diffraction (XRD), as seen in Figure 2.3 a. Sharp peaks
can be seen in all synthesised nanocomposites patterns, proving that all nanocomposites are
extremely crystalline. The XRD spectra of synthesized ZnO nanorods show several
reflections at 20 = 31.33°, 34.45°, 36.20°, 47.46°, 56.32°, 62.56°, 66.36°, 67.74°, and 69.22°,
indicating typical diffraction peaks of hexagonal wurtzite crystal structure ZnO nanorods
with crystallographic planes of (100), (002), (101), (102), (110), (103), (200), (112), and
(201) respectively (JCPDS No. 36-1451) [9,18,34]. Peaks in the XRD spectra of WOs;
nanocuboids are located at 20 = 23.76°, 25.84°, 28.65°, 30.27°, 33.54°, 41.24°, and 55.16° in
that these are indexed to the formation of (002), (120), (112), (204), (220), (222), and (420)
planes (JCPDS card No. 43-1035), respectively, which attributed to growth of WO;
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nanocuboids into monoclinic crystal phase [35-37]. The diffraction peak at 20 = 24.3° in
rGO-ZnO (1:3) /WO3 heterojunction photocatalysts reveal the presence of reductive graphene
oxide and also indicates a complete reduction of GO by hydrothermal process during the
growth of ZnO [19-20]. Furthermore, the XRD spectra of rGO-ZnO (1:3) /WO;3
heterojunction photocatalyst displays diffraction peaks for ZnO nanorods as well as small,
distinct peaks at about 20 = 16.7° and 17.3° can be assigned to WOQOj3, affirming the

combination of ZnO and WQOj; in the nanocomposite photocatalyst.
2.3.1.2 XPS analysis:

XPS has been performed to investigate the surface chemical states of the rGO-ZnO (1:3)
/WOj3 heterojunction photocatalyst. Figure 2.3 b shows the high-resolution Zn 2p spectra of
rGO-ZnO (1:3)/WO3 heterojunction photocatalyst under visible light irradiation that reveals
two symmetrical peaks corresponding to the main peaks at 1022.78 eV (Zn 2p3/2) and
1045.96 eV (Zn 2p1/2) correspond to + 2 valence state of Zn ions. In the W 4f spectrum of
W, shown in Figure 2.3 ¢, the main peaks are observed at 38.59 and 36.47 eV approximately,
which result from W 4fs;, and W 4f;p,, respectively indicating the existence of the W®*

species of WO3.

Figure 2.3 d shows that the XPS of C 1s pattern of the rGO-ZnO (1:3)/WQO3; composite can be
deconvoluted into three peaks at 285.85, 287.48, and 289.66 eV, which can be assigned to the
surface adventitious epoxide (C-C), hydroxyl (C-O), and carboxyl (O-C=0) groups,
respectively. The results confirmed the existence of rGO. The O 1s XPS pattern in Figure
2.3-e displayed three peaks at 531.56, 532.92 and 535.16 eV, corresponding to lattice O (Zn-
0O, W-0), hydroxyl O (-OH), and the O of the O-C-Zn/W bonds, respectively. Figure 2.3-f
shows the survey scan of X-ray photoelectron spectra (XPS) of the rGO-ZnO/WO;
heterojunction photocatalyst. The XPS patterns of rGO-zZnO(1:3)/WQO3 suggests that
electrons transferred from WO; to rGO or ZnO or at the interfaces. Therefore, both ZnO and
WOj3 has been successfully anchored on the rGO nanosheets [33,35,40,41].

2.3.1.3 SEM & TEM analysis:

Figure 2.4 (a-c) displays the SEM images of pristine ZnO, rGO-ZnO (1:3), ZnO-WOs3, and
rGO-Zn0O (1:3) /WO3 photocatalysts. The hexagonal cross section of a ZnO nanorod in SEM
picture of ZnO-WO;3 of Figure 2.4 b is an indication of a hexagonal wurtzite structure

supported by WO3; nanocuboids. The hexagonal nanorod structures formed by the rGO and
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WOj3; nanocuboids are encased in the rGO-ZnO (1:3) /WO3 heterojunction photocatalyst in
figure 2.4-f, and the ZnO-WOj3; nanorods have an average diameter of 206 nm and 120 nm,
respectively. Moreover, figure 2.4-c clearly depicts the close surface contact between rGO-

Zn0O (1:3) and WOs3, which is also visible in TEM picture of figure 2.4-f.
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Figure 2.3: (a) XRD analysis of ZnO, rGO-Zn0O(1:3), ZnO-WO; and rGO-
Zn0(1:3)/WO3 heterojunction photocatalysts, Core level XPS scan of (b) Zn 2p, (c) W

4f, (d) C 1s, and (e) O 1s, (f) survey scan of X-ray photoelectron spectra (XPS) of the

rGO-ZnO/WOj; heterojunction photocatalyst.
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Flgure 2.4: SEM images of (a) rGO-ZnO(1: 3) (b) ZNnO-WO;, (c) rGO-Zn0O(1:3)/WO3
nanohybrid and TEM images of (d) rGO-ZnO (1:3), (e) WOs3, (f) rGO-ZnO (1:3)/WOs.

TEM picture of Figure 2.4-d shows the ZnO hexagonal nanorod is embedded in the sheet of
rGO; TEM image of figure 2.4-e shows the unique nanocuboid structure of WO3;. The
interfacial charge transfer during light illumination is boosted as a result of appropriate
contact between rGO-ZnO (1:3) and WOg3, and this might be useful for the enhanced
photocatalytic activity [38-40]
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2.3.2 Optical Studies

2.3.2.1 UV-Vis spectra and Band gap energy analysis:
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Figure 2.5: (a) UV-Vis absorbance spectra of ZnO , rGO-ZnO (1:3), ZnO-WO3 and
rGO-ZnO (1:3)/ WOz nanohybrid, (b)Tauc plot of ZnO, rGO-Zn0O (1:3) , ZnO-WO3
and rGO-ZnO, (c) Photoluminescence spectra (PL) of ZnO, rGO-Zn0O(1:3), ZnO-WO;
and rGO-Zn0O(1:3)/WO3; nanohybrid.

Figure 2.5 (a & b) displays the UV-vis absorbance spectra and Tauc plot [(ahv)? vs. (hv)] of
pure ZnO, rGO-ZnO (1:3), ZnO-WOQO; and rGO-ZnO (1:3) /WOs3 heterojunction
photocatalysts, respectively. In contrast to rGO-ZnO (1:3), rGO-ZnO (1:3) /WO3 displays a
red shift in the absorption edge in the visible light range, allowing photo-generated electrons
and holes to move more easily. According to studies, pure WO3 and pure ZnO have small
band gaps of 2.6-2.8 eV and 3.37 eV, respectively. Pure ZnO also has a band width that is
greater than the band width that is strictly prohibited for pure WOj3. The absorption edge of
the rGO-ZnO (1:3) photocatalyst in Figure 2.5 a is 617 nm, whereas the absorption edge of
the rGO-ZnO (1:3)/WO3 heterojunction photocatalyst is increased to 645 nm due to the
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addition of WOg3, which changes the forbidden band width of the nanocomposite and
enhances optical absorption performance in the visible light region. Tauc plots may be used

to calculate the band gap (Eg) of photocatalysts using the equation (2.2):
ahv = A(hv — Eg)" (2.2)

In this equation, the photon energy is indicated by ‘h’, the absorption coefficient by ‘a’, and
the proportionality constant by ‘A’. According to Tauc plots in Figure 2.5-b, the optical band
gaps of pure ZnO, ZnO-WOs3;, rGO-Zn0 (1:3), and rGO-ZnO (1:3)/WO3 photocatalysts are
2.69, 2.58, 2.50, and 2.11 eV, respectively. These findings imply that the optical band gap
value of rGO-ZnO (1:3)/WOj3 heterojunction photocatalysts is decreasing. ZnO and WO; are
both n-type semiconductors with variable band gap energies [29]. As a consequence, when
rGO-ZnO (1:3) and WOg are joined to form a composite material, numerous unoccupied
states with varying energies may be identified inside the band gap. As a result of the
narrowing of the band gap energy in the rGO-ZnO (1:3)/WO3 heterojunction due to the
development of oxygen vacancies, photo electron transfer under visible light irradiation has
been accelerated, resulting in enhanced photocatalytic hydrogen generation.

2.3.2.2 Photoluminescence (PL) spectrum analysis:

The photoluminescence (PL) spectrum may be used to investigate the photo-recombination
rate of electron-hole pairs. At an excitation wavelength of 380 nm, figure 2.5-c shows the
composite PL spectrum of pure ZnO, ZnO-WO3, rGO-ZnO (1:3), and rGO-ZnO (1:3)/WO;
photocatalysts. The change in absorption strength towards higher wavelengths is clearly seen
in the absorption spectra, as previously indicated in figure 2.5-a. When the heterojunction
photocatalyst is stimulated at this wavelength, a strong emission peak develops at 645 nm for
all of them. The PL emission spectra reveal a change in intensity with regard to WO3 loading
rather than a shift to higher wavelength. The intensity changes in the order of rGO-ZnO
(1:3)/W0O3 < rGO-Zn0 (1:3) < ZnO < Zn0O-WOs3, accordingly. Using rGO-ZnO (1:3), the PL
intensity is reduced in the presence of WOs3;. The suppression of the electron-hole
recombination rate is directly related to the decrease in intensity. The lowered recombination
rate demonstrates effective charge transfer inside the rGO-ZnO (1:3)/WO3 photocatalysts,
implying that rGO primarily accelerates electron transfer from ZnO to WOj3, increasing the
rate of hydrogen evolution owing to the photocatalytic performance of rGO-ZnO (1:3)/WO3
heterojunction photocatalysts [15,24].

63



2.3.3 Photocatalytic Hydrogen generation

At first the photocatalytic performances of all weight ratios of rGO-ZnO nanocomposites are
evaluated by the rates of the photocatalytic H, production by using 3.3 vol% methanol
aqueous solution under visible light irradiation of Light Emitting Diode (LED) lamp for 7 h.
A comparable study of the photocatalytic H, production rate of all rGO-ZnO nanocomposites
is shown in figure 2.6-b. Methanol is used as holes sacrificial reagent under visible light
irradiation in order to maintain high rates of reaction and large scale production of Hy. It is
clearly observed in the figure 2.6-a that different ratios of rGO-ZnO show better performance
in order of rGO-ZnO (1:3) (58.75 mmol g~') > rGO-ZnO (1:2) (44.95 mmol g ') > rGO-ZnO
(1:4) (36.02 mmol g™') > rGO-ZnO (1:1) (23.856 mmol g') to produce hydrogen during 7h
visible light illumination of LED lamp. In figure 2.6-b it is observed that rGO-ZnO (1:3)
shows the best photocatalytic H, production rate of 8.393 mmol g h™' among all different

rGO-ZnO compositions.

After that the photocatalytic performances of rGO-ZnO(1:3) along with ZnO, ZnO-WO3 and
rGO-ZnO (1:3)/WO3 nanocomposites are evaluated by the rates of the photocatalytic H,
production by using 3.3 vol% methanol aqueous solution under irradiation of solar simulator
for 7 h to achieve highest yield of H, production. Again a comparable study of the
photocatalytic H, production rate of all above mentioned nanocomposites is shown in figure
2.6-d. Methanol is used as holes sacrificial reagent under visible light irradiation in order to
maintain high rates of reaction and large scale production of H,. It is clearly observed in the
figure 2.6-c that pure ZnO, ZnO-WOQOj; rGO-ZnO (1:3), and rGO-ZnO (1:3)/WO;
heterojunction photocatalyst show better performance in order of ZnO (18 mmol g') <ZnO-
WOj3 (31.03 mmol g™') <rGO-ZnO (1:3) (73.2 mmol g™') <rGO-ZnO (1:3)/WO3 (93 mmol
g ') to produce H, during 7h visible light illumination. In figure 2.6-d the pure ZnO shows
photocatalytic H, production rate of 2.57 mmol g~' h™" which is a very low photocatalytic
activity because of its fast recombination of photogenerated electron-hole pairs. The
incorporation of WOj3 nanocuboid in ZnO nanorod enhances photocatalytic H, production
rate up to the 4.43 mmol g~' h™' for ZnO-WO3 nanocomposites, which is about 1.72 times
higher than that of ZnO. The incorporation of optimal amount of ZnO in rGO significantly
enhances the photocatalytic H, production rate upto 10.46 mmol g~' h™' for rGO-ZnO (1:3)

nanocomposites, which is about 2.36 times higher than that of ZnO-WQO3; nanocomposites.
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Figure 2.6: (a) Photocatalytic hydrogen generation using rGO/ZnO photocatalysts
having different ratios of rGO and ZnO under visible light irradiation of LED (b)
Photocatalytic activity study of different rGO/ZnO (1:1, 1:2, 1:3, 1:4) photocatalysts
under visible light irradiation of LED (c) Photocatalytic hydrogen generation using
Zn0O, ZnO-WO3, rGO-ZnO (1:3) and rGO-ZnO (1:3)/WO;3; Photocatalyst and
irradiation of solar simulator (d) Photocatalytic activity study of ZnO, ZnO-WOs3;, rGO-
ZnO (1:3) and rGO-ZnO0O (1:3)/WO3 photocatalysts using solar simulator.

The incorporation of WO3; in rGO-ZnO (1:3) further enhances the photocatalytic H,
production rate up to 13.29 mmol g' h™' for rGO-ZnO (1:3)/ WOs3 heterojunction
photocatalysts which is about 1.27 times higher than that of rGO-ZnO (1:3). The result
suggests that the incorporation of rGO and WO3 in ZnO nanorods enhance the visible light
absorption and suppress the recombination of electron hole pairs in rGO-ZnO (1:3)/WO3 to
enhance the charge separation, which is demonstrated in the photoluminescence (PL) study.
With further enhancement of the amount of ZnO in rGO, the photocatalytic activity decreases

due to a reduction in active sites for hydrogen production reaction. Lastly rGO-ZnO
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(1:3)/WO0Og3 heterojunction photocatalysts show the best visible active photocatalytic H;
production. An apparent quantum yield (AQY) of 3.40% is determined for the rGO-ZnO
(1:3)/WO0O3 heterojunction photocatalyst at 420 nm. Table 2.1 compares the photocatalytic
activities of different photo-catalyst of this study with those of literature reported value.

Table 2.1: Comparative photocatalytic activity data of different photo catalyst

Photocatalyst Light Source  Activity (mmole g h™) References
WO3/TiOy/rGO Solar simulator 0.245 [17]
WO3/TiO, Solar simulator 0.105 [18]
ZnO nanoparticle Solar simulator 4.90 [38]
ZnO-graphene Solar simulator 4.35 [39]
WOs3/ZnIn,S, Solar simulator 1.945 [40]
g-C3sN4/WO3 Solar simulator 0.963 [41]
rGO-Zn0O (1:3) Solar simulator 10.46 This work
rGO-ZnO(1:3)/WO; ' Solar simulator 13.29 This work

2.4. Mechanism for enhanced performance of rGO-ZnO (1:3)/WO;3 heterojunction
photocatalysts

WOj3; and rGO-ZnO (1:3) nanocomposite are the typical semiconductors. Figure 2.7 depicts
the computative energy shift of rGO-ZnO (1:3) in the presence of WO3; when both are
exposed to visible light. The greater photocatalytic activity of the rGO-ZnO (1:3)/WO;
composite is due to the difference in energy levels between WO3; and rGO-ZnO, which
reduces the band gap. In the current system, WO3 operates as an absorber as it can harness the
the visible spectra, while the low band gap (2.7 eV) enables electron-hole pair recombination
via coupling with rGO-ZnO (1:3). When a rGO-ZnO (1:3)/WO3 mixed oxide composite is
exposed to visible light, due to the large gap in absorption, the activation of ZnO is not
possible for producing photogenerated electron-hole pairs, whereas narrow band gap WO;

efficiently absorbs the visible light, to generate photon excited electron-hole pairs.
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Figure 2.7: Mechanism of enhanced H; evolution process in the rGO-ZnO (1:3)/WO;
composite under visible light irradiation.

Due to the high electronic conductivity of rGO, photogenerated electrons generated in WO3
transfer their electrons to the conduction band (CB) of ZnO, reducing the possibility of
recombination of photogenerated electron-hole pairs. Finally, photogenerated electrons are
transferred from the conduction band of ZnO to the surface of rGO sheet. As a result,
photogenerated charge-hole-electron pair recombination on the surface of ZnO-WOs3; is
considerably decreased, successfully separating photogenerated carriers. Following that, the
photogenerated electrons transferred from the ZnO CB to the surface-active sites of rGO
nanosheets have a high reducing power, and the photogenerated electrons reduce the diffused
water molecules in the photocatalytic reaction and accompanied by oxidising sacrificial
reagent by the photogenerated holes to generate H,. The transmission of photogenerated
electrons happens as a "step™ from a macroscopic perspective, with ZnO functioning as a
"bridge." Moreover, the high specific surface area and dense pore structure of rGO-ZnO

(1:3)/WQOj3 improve photocatalytic H, generation yield.
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2.5 Detailed cost-analysis of rGO-ZnO/WO;

Table 2.2
Chemical Chemicals APPrOX. Cost (Rs.) Cost (Dollar)
used guantity
Graphite flakes 0.02 g 281.8 3.4
Sodiu_m tungstate 3.806 3496 499
dihydrate
Zinc nitrate 89 249.2 3.00
Ammonia 10 ml 207.3 2.50
NaCl 15 3.6 0.043
rGO- KOH 4.0 21.908 0.26
ZnO/WO; Oxalic acid 1 512.8 6.19
Deionized water 2L 120 1.45
Phosphoric Acid 10 ml 264.1 3.19
Hydrogen Peroxide 10 ml 5748 0.69
Hydrochloric Acid 40 ml 13.8 0.17
Ethanol (for _synthesis 20 ml 12 0.14
& washing)
Sulphuric Acid 10 ml 9.8 0.12
Stirring 54.6 unit (30 485.9 5.87
-~ hours)
Electricity 13 unit (10
Involved Drying hours) 115.7 1.40
Calcination 20hun|t (42 178 2.15
ours)
Total 2882.99 34.79

1 g of the synthesised rGO-ZnO-WO; photo catalyst typically costs $34.79.

The stirring and drying cost has been calculated using the following equation (2.3):

Stirring, Drying cost =

Instrument power (watt) xtimexunit cost

2.6. Conclusions

¢ A hydrothermal process is enrooted to synthesised rGO-ZnO (1:3)/WO3 nanohybrid
powder photocatalysts. The characterization results confirm that the ZnO nanorods
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and WO3; nanocuboids are connected by rGO sheets in synthesised rGO-ZnO
(1:3)/WO3 photocatalyst.
The optimal loading of ZnO in rGO with the ratio of 1:3 shows the enhanced

X/
°e

hydrogen production under visible light irradiation.

% Here WO; is used as a strong electron transport channel, the hydrogen generation
activity of rGO-ZnO/WOQs is significantly increased.

% The rGO-ZnO (1:3)/WO; heterojunction photocatalyst has the greatest hydrogen
generation rate of 13.29 mmol g~ h™', which is roughly 5.17 times greater than pure
ZnO and 3 times higher than the ZnO-WQO3 nanocomposite. Most notably, under the
same conditions, the rGO-ZnO (1:3)/WO3 heterojunction photocatalyst exhibits much
greater hydrogen evolution activity than the rGO-ZnO (1:3).

% An apparent quantum vyield (AQY) of 3.40% is determined for the rGO-ZnO
(1:3)/WO0O3 heterojunction photocatalyst at 420 nm.

% Inclusion of rGO and WOj3; can boost electron transport capacities while inhibiting
recombination of electron-hole pairs, resulting in increased hydrogen evolution
activity. This work proposes a method for developing a robust rGO-ZnO(1:3)/WO3
heterojunction photocatalyst that is both environmentally friendly and affordable in

cost for solar green hydrogen production.
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Chapter 3

Synthesis, characterization and photocatalytic
performance study of solid-state mediator rGO
based CdS-rGO-WO;3; Z scheme photocatalytic

system for solar green hydrogen generation
Highlights:

= Design of an in-situ rGO solid state mediator based CdS-rGO-WO;
photocatalytic system comprising of nano-rods of CdS and nanoplates of
WOj3 by a simple hydrothermal technique

= Characterisation and performance analysis for photocatalytic hydrogen
generation by varying parameters: sources of illumination, type of
mediators, loading of rGO

= An enhanced photocatalytic activity of 11.69 mmolg*h™ which was almost
2.4 times than pristine CdS (4.9 mmolg™h™), in presence of simulated

solar light
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3.1 Introduction

The gradual decrease in the number of fossil fuel reserves due to the overconsumption of the
natural resources is one of the major challenges of the twenty-first century. The problem of
energy security is also significant in this context [1, 2]. The need of the hour is a renewable
clean energy based technology. Hydrogen, in the recent years has emerged as a probable
alternative form of energy due to its high energy density, compared to other fuels like coal,
gasoline etc. [3, 4]. Currently hydrogen is being produced commercially by steam reforming
of methane. During this process harmful greenhouse gases (CO,) are emitted, contributing to
global pollution. Also, the steam reforming process is expensive with high energy
consumption and a low efficiency. Photocatalytic water splitting is a comparatively simple
and cost-effective process and can be an effective way to generate hydrogen. Honda and
Fujishima were the first ones to report the hydrogen evolution in a PEC cell, in presence of
UV irradiation using TiO, electrode and Pt counter electrode, in 1972 [5]. Since the
discovery, extensive research has been carried out to develop photocatalyst for efficient
photocatalytic water splitting. Due to the high photostability and abundance of TiO,, a broad
range of application of TiO, as photocatalyst can be found [6-9]. However, TiO,, a wide
band gap semiconductor, is active only in the ultraviolet (UV) range of the solar spectrum.
Narrow band gap semiconductors like Cadmium Sulfide (CdS) with a bandgap of 2.4 eV,
exhibited improved photoresponse in the visible spectrum, acting as hydrogen evolution
photocatalyst [10-14], but there were several drawbacks like photo-corrosion [15], resulting
in low photocatalytic activity of water splitting reaction. Besides, slow reaction kinetics and
recombination of photogenerated electrons and holes [16,17] are impediments that lowered
the yield of evolved hydrogen. Also, there is a tendency of CdS particles to aggregate,
forming larger particles, leading to reduced surface area with a faster recombination rate of
photogenerated electron-hole pairs [18]. The photogenerated holes upon irradiation
accumulate on the outer surface of the sulfide resulting in the oxidation of sulfides to
sulphates [19]. Also, nascent oxygen (O radical) is formed during the process which
accelerates the photo-corrosion of CdS [15,19]. Different strategies have been adopted to
solve the problem of photo-corrosion to enhance the efficiency of photocatalytic water
splitting. Some of these strategies are heteroatom doping, loading of carbon based material
(reduced graphene oxide) and development of heterojunction photocatalytic system [18, 21-
24]. Amongst these, the design of a heterojunction photocatalytic system seems a promising

approach to achieve enhanced photocatalytic performance. Z-scheme photocatalytic system, a
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type of heterojunction photocatalytic system, consists of two photocatalytic semiconductors,
one Hydrogen Evolution Photocatalytst (HEP) and another Oxygen Evolution Photocatalytst
(OEP), involving multiple photo-excitation steps [25]. WOs3, a transition metal oxide based
semiconductor, with a band gap of 2.6 eV, used generally as photochromic and
electrochromic materials, gas sensors, humidity sensors [26-29] can also be used as an
oxygen evolution photo-catalyst [30, 31]. The oxygen vacancies in WO3 function as sites for
reactions [32, 33] and as electron donating sites [34-35]. In 1979, the concept of Z-scheme
was first established by Bard et al. depending on the concept of artificial photosynthesis [36].
In a single component catalytic process, usually a narrow bandgap of the semiconductor
photocatalyst is preferred for wide light harvesting. But, this narrow band gap creates a
barrier to higher redox ability [37]. For the creation of separated oxidative and reductive
active sites, a wide bandgap is necessary [25]. Therefore, a high redox activity along with a
broad light absorption range, simultaneously, can be achieved with a multi-component (Z-
scheme) photocatalytic system [25, 37]. In a Z-scheme photocatalytic system, electron
mediators play an important role by helping in the promotion of the electron transfer between
the two semiconductors. In the conventional shuttle redox mediator Z-scheme photocatalytic
system, generally 10°/I, or Fe**/Fe?* like ionic redox couples are used as electron mediators
[38]. However, backward reactions occur in these reversible redox mediator Z-scheme
photocatalytic systems, due to the competitive oxidation of I” by the holes in the OEP while
using 103 /1" as redox mediator. The reaction efficiency of reversible redox mediator Z-
scheme photocatalytic system is thereby reduced [25, 37-38]. Moreover, the redox mediators
strongly absorb visible light, reducing the light absorption of semiconductor photo-catalysts
[25, 37]. So, solid state mediated Z-scheme systems without the reversible redox pair
mediators are being explored in recent years [39, 40]. Some advances have been made in this
field; CdS/WO3; nano-heterojunction was developed by Zhang et al., where the hydrogen
generation rate reached upto 369 umol g *h™ and further increased to reach a value of 2900
umol g *h™, when noble metal Platinum (Pt) was incorporated in the system, which boosted
the charge transfer between CdS and WOg3 [41]. Huang et al. developed a Z scheme
photocatalytic system by physically mixing composites of rGO-CdS nanosheets and WO3
nanosheets together by sonication, which displayed a hydrogen generation rate of 119.4 £4.0
pmol h™ [42]. Zhang et al. obtained a yield of 736.89 pmol of hydrogen by modifying
CdS@WO; photocatalyst with a cobalt based co-catalyst, Cobalt Phosphide (CoP) [43]. Li et
al. fabricated an oxygen deficiency induced CdS/WO3. Z scheme photocatalytic system,

with MoS, cocatalyst and attained a hydrogen production rate of 2852.5 pmol g *h™ [44].
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However, most of the researches on CdS/WO3; heterojunctions involved the use of a co-
catalyst for improving the photocatalytic activity. In many cases, expensive metals like Pt had
been used, which in turn increased the cost of the process. Here, an attempt has been made to
enhance the photocatalytic activity without the utilization of a co-catalyst, by placing a
charge transporter (rGO), which accelerated the transport of electrons at the interface,
promoting charge separation. After an extensive literature review, it was found that there
were no such reports on the in-situ fabrication of graphene (rGO) incorporated solid

mediator-based Z-scheme photocatalytic system with a high photocatalytic activity.
3.2 Mechanism of Z-scheme photocatalytic system

The schematic of reaction are as follows:

2H"+2¢ —» H, (3.1)
D+nh" — A (3.2)
A+ne — D (3.3)
2H,0 + 4h* —» O, + 4H* (3.9)

D: electron donor; A: electron acceptor

Reduction
site

A

PS1I

------------- > Backward reaction
Figure 3.1 Mechanism of Z scheme photocatalytic system
The advantages of the Z-Scheme photocatalytic system are:
e more efficient utilization of visible spectrum of light

 reduction of energy required to drive each photocatalyst
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* reverse reaction is suppressed
The concept of Z-scheme water splitting was first proposed by Bard et al. in 1979 [36].
Z scheme can broadly be classified, depending upon the type of mediators:
3.2.1 Shuttle Redox Mediator mediated Z-Scheme System

Reversible liquid state redox mediators like Fe**/ Fe?*, 105/1", NO3 /NO, had been used as
electron mediators in Z-scheme water splitting. However, backward reactions occurred in the
reversible redox mediator Z-scheme photocatalytic systems. The undesirable backward
reaction was mostly caused due to the competitive oxidation of I" by holes in the O, evolution
photo-catalyst when using 1037/1" as redox mediator. In this way, the reaction efficiency of
reversible redox mediator Z-scheme photocatalytic system was reduced. Also, the redox
mediators strongly absorb visible light, thereby reducing the light absorption of
semiconductor photo-catalysts [85]. Domen et al. developed a Pt-loaded ZrO,/TaON as
hydrogen and Pt-loaded WO3; as oxygen evolution photocatalysts, respectively, with a
photocatalytic activity of 7.5 pmol h-* for H, generation using 10 /1"as redox mediator [86].
The effect of co-catalysts (Rh, Ru, Pt, Fe;O3, Ni and RuO,) on SrTiO3:Rh/WO3; was studied
by Kudo et al. using Fe**/Fe? as redox mediator [87].

3.2.2 Z-Scheme Systems without Redox Mediators

The backward reactions and the shielding effect in the shuttle redox mediator based Z scheme
system can be eliminated by formulating Z-scheme systems without redox mediators.
Heterojunction is formed between two semiconductor photocatalysts and the charge transfer
takes place at the interface. The difference between Type-1l heterojunction system and Z
scheme system without redox mediator is that, in Type-ll heterojunction, the electrons
migrate from CB of semiconductor 1 to that of semiconductor 2 and the route of holes is
exactly the opposite. The chemical bond created at the interface due to surface conjugation
between Photosystem | (PS ) and Photosystem Il (PS I1) aids in the effective charge transfer,
in these Types Z scheme systems [85]. A ZnO/CdS Z-scheme photocatalytic system was
fabricated by Wang et al. which offered a high photocatalytic H, activity of 1805 umol h-* g-
1188]. Tian et al. designed a Z-scheme of BiVO4/g-CsN, using g-CsN4 and BiVVO4 which
displayed high photocatalytic degradation activity [89].
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3.2.3 Solid state mediator based Z scheme systems

In this type of Z scheme system, the mediator used between Photosystem | (PS I) and
Photosystem Il (PS I1) is a solid state mediator, instead of the previously mentioned liquid
state redox mediator. The problems of backward reactions and the shielding effect in the
shuttle redox mediator- based Z scheme system was solved in this type of Z scheme systems.
Au, Ag type Noble-metal particles (such as Au, Ag) and reduced graphene oxide (RGO).
Tada et. al. designed a solid-state Z scheme of CdS/Au/TiO, system, using a facile
photochemical process and this was the first reported solid state Z scheme photocatalytic
scheme [90]. A solid state ZnRh,O4/Ag/Ag: xSbO3y Z scheme using Ag as mediator was
prepared by Kobayashi et al, where an AQE value of 0.037% was obtained at 420 nm [91].

The issue of aggregation of CdS nanoparticles during synthesis was solved by utilizing
reduced graphene oxide (rGO) as a supporting matrix to develop layered composite like
structure, which could resist the aggregation of ultrathin nanostructure with the aid of
coupling mechanism of rGO [45]. Moreover, rGO as an excellent electron transporter (with a
work function 4.42 eV, and an electron mobility of 200000 cm? V* s) [46, 47] acted as a
solid- state mediator, between two photocatalysts: CdS (HEP) and WO3; (OEP). The CdS-
rGO-WO;3; Z-scheme composite was prepared hydrothermally, which exhibited enhanced
photocatalytic activity, compared to pure CdS. Series of characterization studies was
performed to verify the formation of the heterojunction and the pathway of charge transfer.
This report will offer valuable insight on the charge transfer pathway in heterojunctions,
beneficial in engineering advanced photocatalytic systems for improved photocatalytic

activity.
3.3 Objective

Reduced graphene oxide (rGO) solid mediator based CdS-rGO-WOQO3; Z scheme
photocatalytic system
The specific objectives are enlisted below:

1. Synthesis of CdS- rGO-WOj3; photocatalyst.

2. Characterization of CdS- rGO-WO;
3. Performance analysis
4

Recyclability test (stability) of photocatalyst.
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The major research problem is addressed in this chapter; the problem definition is as follows:
Problem definition:

Synthesis, characterization and photocatalytic performance study of solid-state
mediator rGO based CdS-rGO-WO3; Z scheme photocatalytic system for solar green

hydrogen generation

3.4 Experimental
3.4.1 Materials for synthesis of CdS-rGO-WO;

Cadmium acetate dihyrate [Cd(CH3CO,)22H,0] (Sigma-Aldrich, 98% purity), Thio-urea
(SC(NH,)2) (Sigma-Aldrich, 99% purity), Sodium tungstate dihydrate (Na,WO,.2H,0)
(Sigma-Aldrich, 99% purity), Oxalic acid (C,H,04) (Sigma-Aldrich, 98% purity), graphite
flakes (Luba Cheme, extra pure 99.5 %, 50 um avg sizes, bulk density 20-30 gm. /100 ml),
Sulphuric Acid (H,SO4) (MERCK, 98%), Phosphoric Acid (H3PO4) (MERCK, 88%)
Potassium Permanganate (KMnO4) (MERCK, 99% purity), Sodium Hydroxide (NaOH),
(MERCK, 98%) Hydrogen Peroxide (H,O;) (MERCK, 30%), Hydrochloric Acid (HCI)
(MERCK-35%), Ethanol (C,HsOH) (MERCK, 99.9% purity) were used as received.
Deionized water (DI) (with resistivity of 18.25 MQ) was used for the purpose of synthesis.

3.4.2 Synthesis of composite photocatalyst

3.4.2.1 Synthesis of CdS Nano-rods

0.5 (M) solution of Cadmium acetate was prepared by adding Cadmium acetate to 50 ml. of
de-ionized water and stirring was done for 1 h [48, 49]. 3.806 g of thiourea was then added to
50 ml. deionized water and was stirred for an hour. Subsequently, these two prepared
solutions were mixed together in a beaker and stirred for 10 hours at 80°C for preparation of
Cadmium sulfide solution. Color change was the indication of CdS formation. Orange color
solution of Cadmium sulfide solution was obtained after calcination at 300°C for 0.5 h. Then
this solution was filtered and dried at 70°C for 3 h. Powder CdS was obtained by grinding this
dried mass.

3.4.2.2 Synthesis of WO3; Nanoplates

At first 100 ml 15mM Sodium tungstate (Na,W0O,.2H,0) was prepared by adding 0.4947 g
Sodium tungstate into 100ml de-ionized water. After that 40 ml 6(N) HCI was prepared by
diluting 12(N) HCI. Then these prepared solutions were mixed and stirred continuously for 3

h at 5°C. Then 1g Oxalic acid was added to the mixture and the colour of the solution was

80



changed to yellow [50]. After that, it was centrifuged and washed to collect the precipitate.

Then this precipitate was dried at 60°C for 2-3 h in a tube furnace to obtain powder WOs.

3.4.2.3 Synthesis of rGO-CdS

This composite was synthesized via hydrothermal procedure. 0.1 g Graphene oxide (GO)
powder was added to 50 ml water in a beaker and solution was sonicated for about 2 h for the
preparation of homogeneous GO solution. GO was synthesized by following Improved
Hummers Method [51-54]. Quantity of GO was varied to prepare different loadings (5%,
10%, 20%, 30%) of rGO-CdS composite. Precursors of Cd and S were obtained by adding
Cadmium acetate and thiourea to this prepared GO solution and stirred at 80°C until the
homogeneous mixture was formed, while maintaining pH at 9 using NaOH [55]. Then this
solution was taken into an autoclave and kept for 18 h in a muffle furnace. After that solution
was washed and centrifuged repeatedly using ethanol. Then it was dried under vacuum

chamber at 70°C and powder sample was collected.

I Cadmium Acetate | + | Thiourea I
Precursor of
Cd(CS(NH;),),(CH;COO0),
S HCI
D \q Oxalic Acid

— —_—
GO Sheet Sonicationfor 1 h - -

GO Solution Na2WO04.2H20

Hydrothermal treatment
145°Cfor20h
\ > s
CdS-rGO-WO3 nanocomposite

Figure 3.2 Schematic of synthesis procedure of CdS-rGO-WO3; nanocomposite
3.4.2.4 Synthesis of CdS-rGO-WO3
This composite was synthesized via hydrothermal procedure. 0.5 g of Sodium Tungstate was

added to the previously prepared solution of rGO-CdS by dispersing and sonicated for about

an hour. The pH value of the solution was moderated and maintained at 2, using HCI. This
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mixture was then sealed inside a 100ml Teflon lined autoclave and kept in a furnace at a
temperature of 145 C for about 20 h. Next day the solution was washed several times using

ethanol and then dried in a vacuum oven at a temperature of 80°C [Figure 3.2].
3.4.3 Characterization

Transmission Electron Microscopy (TEM) (JEOL JEM-2100F) and Scanning Electron
Microscopy (SEM) (Model Hitachi S-3400, JEOL JSM-7600F) (accelerating voltage of 15.0
kV) coupled with Energy Dispersive X-ray Spectroscopy (EDS) were utilized to characterize
surface morphology and elemental analysis of the nanomaterial. Field Emission Scanning
Electron Microscopy (FESEM) analysis of the sample was done to study the morphological
changes after photocatalytic water splitting reaction, using FEI, Inspect F50. The ultraviolet-
visible absorbance (UV-vis absorbance) of the synthesized photocatalysts was measured by
Perkin Elmer 365 UV-Vis Spectrophotometer. X-ray Diffraction (XRD) was used to analyze
the composition and crystal structure of the materials using a Cu Ka source (A= 0.154178
nm) with Rigaku, Ultima Il Diffractometer. Perkin Elmer Spectrum-2 was used for FTIR
analysis of different synthesized photo-catalyst for identification of bonds. X-ray
Photoelectron Spectroscopy (XPS) with Al K, irradiation was used to study the surface
elemental interactions using Model AXIS Supra HORIBA, Kratos Analytical Ltd. Jobin Yvon
NanoLog spectrofluorometer was used for photoluminescence spectroscopic study of the
synthesized hybrid photocatalyst (at excitation wavelength of 370 nm).

3.4.4 Photocatalytic Hydrogen Generation

Table 3.1 Process parameters for photocatalytic hydrogen generation

Parameters

Temperature 20 °C 20 °C

Phase Liquid Liquid

VVolume of water 50 ml 50 ml

Loading of photocatalyst 10 mg 13 mg

Stirring speed 600 rpm 600 rpm

Light intensity/flux 4500 lumens 113 pW/cm?® 1.0 sun (100
mW/ cm?)

Source of illumination LED (45 W) Solar simulator Newport
LCS-100 (Class ABB)

Surface area of irradiation | 25.8 cm® 14.44 cm®
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Solar Simulator (Oriel LCS-100) | Photo catalytic reactor

Figure. 3.3 Real-life picture of Photocatalytic Hydrogen Generation setup

A real- life picture of photocatalytic hydrogen generation set up is given in Figure 3.3. For a
typical batch study, 50 ml of deionized water was used. Powder photocatalyst was taken for
dispersion in water and the solution was sonicated after adding few drops of methanol as
sacrificial agent. Then the reactor setup was purged with inert gas like Argon/N; for 30 min.
Room temperature was maintained during the reaction by circulating cooling water outside
the photo reactor. A 100 W Solar simulator (94011A, Manual shutter, Newport Oriel LCS-
100), equipped with an AM1.5G air mass filter, was utilized as the source of illumination.
The solar simulator with full spectra was used for simulating solar light and the intensity was
fixed at 100 mW cm™. Thereafter data was collected after regular time intervals.

3.4.5. Degree of Photon Absorption

In photocatalytic reactions photons are being absorbed by the semiconductor photocatalyst
and the excitation of an electron from its ground state to an excited state occurs. However, the
wavelength of light is of prime importance for the initiation of the process of photon
absorption. Practically, it is difficult to measure the degree of photon absorption by a
photocatalyst. It is assumed that the irradiated photons are utilized effectively for the process

of absorption.

Solar to Hydrogen (STH) conversion efficiency is one such metric to measure the efficiency
of a photocatalytic reaction and this is applicable for systems when the source of irradiation is
solar energy. Another metric of measurement is the Apparent Quantum Efficiency (AQE)
which is used for the evaluation of performance of photocatalytic reaction and can be broadly
defined as the ratio of number of reacted electrons to the number of incident photons.
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Apparent Quantum Efficiency Calculation
Quantum yield is a parameter to determine the performance of photocatalysts during splitting

of water. It can be defined as:

Q.Y. (%) :Number of reacted electrons % 100 (35)

Number of incident photons

If a photon (Epnoton) OF wavelength of Zi,c (nm) is incident during a photocatalytic water

splitting reaction, the energy of this one photon calculated using the equation:
hc

Ephoton = (3.6)

Ainc

where h (J-s) is Planck’s constant,

¢ (m-s™) is the speed of light

Jinc (M) is the wavelength of the monochromatic light that is incident.
The total energy of the incident monochromatic light (Ea) is calculated using the following
equation:

Etotar =P st (3.7)
here P (W-m) is the power density of that incident monochromatic light, S (m?) is area that
is being irradiated and t (s) is the duration of the exposure of the incident light

The total number of incident photons can be determined from the given equation:

Number of incident photons = —tetal — Pshinct (3.8)
photon hc

In order to calculate the Apparent Quantum Efficiency (AQE) additional experimentation on
hydrogen generation was performed using a 420 nm Band pass filter. A power meter (Model:
843-R, Newport) was used for measuring the number of incident photons, in the irradiated
light of the solar simulator (Oriel LCS-100). Apparent Quantum Efficiency (AQE) was

calculated according to the equation as follows [53]:

2XThe number of evolved Hydrogen molecules

AQE(%) =

x 100 (3.9)

The number of incident photons

Solar to Hydrogen Conversion Efficiency (STH) Calculation

Another parameter to measure the performance of photocatalytic water splitting reaction is
the Solar to Hydrogen Conversion Efficiency (STH). This can be calculated from the below
mentioned equation:

TH, XAGH20X100
IXS

(3.10)
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Here 7, AGy, o, I and S represent Hydrogen evolution rate, Gibbs Free Energy of water
splitting, light energy flux and the irradiation area, respectively.

3.4.6. Photoelectrochemical Hydrogen Generation

Photo-electro-chemical analysis was performed using an electrochemical workstation
(Keithley Source-meter 2450) using a three-electrode system, comprising of a working
electrode, a reference electrode (Ag/AgCI electrode), and a counter electrode (Pt electrode).
The transient photocurrent response of the samples was carried out in a 0.5 mol/L Na,SO,
electrolyte solution. The source of illumination is the same (100 W Solar simulator) as that
used during photocatalytic hydrogen generation. The working electrode was prepared on pre-
cleaned Fluorine doped Tin Oxide (FTO) coated glass substrate (1cm %2 cm) in a step by step
method using hydrothermal and spray pyrolysis techniques[Figure 3.4] [56-58].

Figure 3.4 (a-d) Fabrication of CdS-rGO-WO3 photoelectode

3.4.6.1Preparation of CdS and CdS-rGO-WOj; photoelectrodes

At first the FTO coated glass is cleaned ultrasonically by using an ultrasonic bath by acetone,
ethanol and deionized water for about 15 min. Then, two slides of FTO glass substrate with
conductive faces up and down, respectively, were laid flat in the bottom of autoclave. The
hydrothermal method was used to prepare CdS nanofilm with the conductive side facing up
and down, using Cadmium Acetate and Thiourea as precursors.The hydrothermal reaction
took place in a stainless steel Teflon lined autoclave for 10h. The obtained samples were
filtered and washed several times with deionized water and ethanol absolute and then dried at
60°C for 12 h (Figure 3.4 a-b). GO solution was prepared by dispersion in Dimethyl
Formamide (DMF). One of thus coated FTO slides was then coated by spray pyrolysis using
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a spray gun, by keeping the substrates on a hot plate at a temperature of about 120°C (Figure
3.4 c). Thereafter Sodium Tungstate dihydrate powder (Na,WO0,.2H,O, 1.32 g) was
dissolved in 40 ml deionized water. The solution was acidified to pH 2 with HCI (3 M). The
resulting solution was stirred for 30 min and then transferred into a 50 ml Teflon lined
stainless steel autoclave by vertically orienting the slides at an angle of 45°. In this way
coated CdS and CdS-rGO-WOj; coated photoelectrodes were prepared and were tested by
photocurrent measurement. The current density vs. potential was obtained, using 0.5 mol/L
Na,SO, as the electrolyte solution.

The general equation for the conversion at any pH using Ag/AgCI reference electrode to
Reference Hydrogen Electrode (RHE), using Nernst Equation is

Erue = Eagjagci +0.059 pH + Ep g /a0 (3.11)

where E:,g/Aga: 0.1976 V at 25°C (3M KClI) and E4g /44 1S the working potential. Here the
pH of 0.5 M Na,SOy solution is ~ 7. This equates t0 Eryg = Eqg/agci + 0.6106.

IPCE (Incident Photon to Current Density) Calculation

Incident Photon to Current Density is a measurement of efficiency of photon to current
conversion, defined by the ratio between the photocurrent obtained as output to the number of
incident photons as input, for a particular wavelength.

1240,
AxI

IPCE= x 100% (3.12)

Here, j,n is photocurrent density (in A) at a specific wavelength 4, 4 is the wavelength of the
incident light and I is the intensity of light for the wavelength at the film surface, here the
value of I is 100 mW/cm?.

3.5 Results and Discussion
3.5.1 Morphology and Elemental Analysis

The surface morphology of the synthesized photo catalysts can be obtained from SEM
analysis. From Figure 3.5(a), it can be seen that pure WOj3; exhibits rectangular plates like
structures. At first a layered structure of WO3-H,O was formed from [WO(OH), (OH,)],
obtained from H,WO, precursor, by the stable hydrogen bonding between the terminal
oxygen atoms and the adjacent water molecules [59]. Oxalic acid played a significant role by

assisting the stacking growth and in phase transformation of WO3 [50, 59]. In Figure 3.5(b),
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it can be seen that pure CdS displays rods like structure with uniform thickness and length.
During the synthesis, decomposition of complex precursors occurred, leading to an increase
of concentration of S* ions which then reacted with Cd** ions to form tiny CdS crystals. For
the purpose of reduction in surface energy, these tiny CdS crystals then coalesced with
adjacent tiny CdS to form CdS seeds in the reaction solution [60]. The faster rate of growth
along the c-axis orientation led to the formation of rod like morphology in CdS as

energetically it is more favorable [60].

.......

....

> (411) WO3

>(110) CdS

Full Scale 2359 cts Cursor: 0.000

Figure 3.5. SEM images of (a) CdS (II) (b) WOs;, (c) CdS- rGO-WO3, (d) TEM image of
CdS- rGO-WOs3 (e and f) Lattice fringes and SAED pattern of CdS- rGO -WO3(g) EDS
of CdS- rGO-WOg3 (h) FESEM of CdS-rGO-WOg3; after 24 h of reaction

It can be found from Figure3.5c that non-homogeneously distributed nano rods of CdS and

nano plates of WO;3; strewn over graphene sheet. Scattered sheets of graphene can be
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observed in the from the TEM image of CdS- rGO-WO3 (Figure 3.5d). The lattice fringe as
seen in Figure 3.5e (marked by yellow dotted circle) with a d spacing of 0.358 nm
corresponded to (100) crystal plane of hexagonal CdS [61]. The ring patterns observed in the
Selected Area Electron Diffraction (SAED) pattern (Figure 3.5f) indicated the formation of
polycrystalline material. Interplanar distance between the crystal planes was measured by
calculating the diameter of the ring. In the SAED pattern, the (110) crystal plane can be
assigned to hexagonal CdS whereas the (411) crystal plane confirmed the presence of WOs3,
in the as-prepared nanocomposite [62,63]. The obtained EDS spectrum (Figure 3.5g) of CdS-
rGO-WO3; showed the appearance of Cd and W peaks confirming the presence of Cadmium
and Tungsten. The atomic composition (Table 3.1) of Cd and W were 2.75% and 0.28%,
respectively. This value varies slightly from the atomic percentage determined by XPS
analysis, the reason might be XPS is a surface characterization analytical technique, whereas
EDS determines the bulk atomic concentration ratio [64] (Table 3.2)

Table 3.2 Element wise percentage composition of CdS-rGO-WO;

Element | From EDS From
Weight% Atomic% | KPS

C 15.83 25.25 64%

@) 54.52 65.27 15%

S 10.79 6.45 9.82%

Cd 16.14 2.75 10.38%

W 2.72 0.28 0.27%

Total 100.00 100.00 100.00

The atomic concentration (from X-ray Photoelectron Spectroscopy or XPS) is obtained by

Ix
using equation: Atomic % = —%- x 100% (3.13)
i

Here I, is the relative peak area formed by the photoelectrons from element X, whereas the
atomic sensitive factor of element x is denoted by S,. . z% is basically the ratio between

peak areas to atomic sensitive factors of all other elements. The peak area is calculated from
ORIGIN Lab software. The FESEM image of the CdS-rGO-WQOj3; sample after 24 hours of
reaction can be seen from Figure3.3h, displaying scattered rods and plates of CdS-rGO-WO3

nanocomposite.
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3.5.2 Phase Structure Analysis

The X-ray diffraction (XRD) study was done to obtain phase structures of CdS, WO3, CdS-
rGO-WO3;, CdS-WO3, as can be seen from Figure 3.4a. The values of 20 at 25.22°, 26.67°,
28.37°, 43.98°, 48° and 52.24° could be indexed to (100), (002), (101), (110), (103) and (112)
planes respectively, for pristine CdS, as indexed in JCPDS 41-1049 [65]. The major
diffraction peaks of CdS are assigned to hexagonal phase of CdS. From the XRD patterns, it
can be observed that the WO3 nanoplates have an orientation growth in the (100) direction
due to increase in peak intensity for the (100) reflection relative to other peaks, at 20 of
18.56°. The diffraction peaks of WO3 corresponded to the hexagonal phase JCPDS 33-1387
[66]. From the diffraction pattern of CdS-WOQO3 and CdS- rGO-WOsg, it is noticed that the
diffraction peaks of CdS are retained and are prominent rather than WO3, The XRD peaks are
in well accordance with the SAED pattern and lattice fringes obtained from TEM images of
CdS- rGO-WQOj3 The mean grain sizes of the crystallites are calculated using Scherrer
equation [67]:

D = KA/BcosO (3.14)

Here, D=Size of the crystallites, K=0.9 (Scherrer constant), A= 0.15406nm (wavelength),
B=FWHM (radians), 6=Peak positions (radians). The calculated average grain size of
different photo-catalyst was found in the range nearly 8nm tollnm. Table 3.2 depicts the
average crystallite size, along with the values of dislocation densities and strain calculation.

The dislocation density and lattice strain were calculated from the following equation:

B = 4etan6 (3.15)

where & corresponds to the lattice strain and § refers to the dislocation density where § = #
Due to the doping of heteroatoms, the presence of defects induces a shift or dislocation
resulting from the stress in the crystal lattice. An increase in lattice strain and dislocation
density in C*dS-rGO-WOj3 can be found when compared to CdS-WOs3, upon incorporation of

reduced graphene oxide, as evident from Table 3.3
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Table 3.3 Average grain size, dislocation density and lattice strain calculation of

different photo-catalysts

Name of the Average Dislocation Strain(s)
photo-catalyst size(nm) density (8)
CdS 4.2303 0.058 0.003411
WO, 10.0664 0.00826 0.000216
CdS-WO3 7.9049 0.0153 0.001621
CdS-rGO-WO3 8.0855 0.0164 0.00277

3.5.3 Optical Property Analysis

An inspection through the FTIR spectra can provide details about the presence of the bonds

and the  functional groups, in  the  synthesized nano-heterostructure.
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Figure 3.6a. XRD pattern of CdS, WO3;, CdS-rGO-WQO3, CdS-WO; Figure 3.6b FTIR

spectra of rGO —CdS and CdS-rGO- WO3 Figure 3.6¢c UV-Vis spectra of CdS, WOs,

CdS-WOj3, rGO-CdS and CdS-rGO-WO; Figure 3.6d Photoluminescence Spectra of
CdS, rGO-CdS and CdS- rGO-WO;
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In Figure 3.6b the FTIR spectra of rGO-CdS and CdS-rGO-WOj3; are shown The stretching
vibration due to the O-H stretching could be observed at 3616 cm™ and 3629 cm™ in rGO-
CdS and CdS-rGO-WOs3, respectively [68]. The C=0 stretching of COOH groups in reduced
graphene oxide (rGO) was observed at 1856 cm™ and 1850 cm™ in CdS-rGO-WO3 and rGO-
CdS, respectively [69]. The peak at 630 cm™ corresponded to the Cd-O stretching [70] and
the stretching peaks near 969 cm™ could be ascribed to W=0 and W-O bond formation [71].

UV-Vis spectroscopic analysis is necessary to determine the optical properties of the as
prepared photocatalyst. Peak at 452 nm was observed for CdS [72], at 470 nm for rGO-CdS
and at 502 nm for CdS-rGO-WQsg;, thereby denoting a red-shift, in Figure 3.6 c. This shifting
of absorption edge towards the visible region of the spectrum (red-shift) causes a boost in the
absorption of light in the visible region, implying the nano-heterostructure to be visible light
active, which can also be tallied with the photocatalytic performance data, as discussed later.
Band gaps of the synthesized nanomaterials were calculated from Tauc relation as below
[73]:

ahv = A(hv — E )" (3.16)

Where, hv = Photon energy a=Absorption coefficient, A = Constant, n =Constant depending
on transition. Here, A =1 and n =1/2 for direct allowed transition, so, the equation can be
written as (ahv)? = (hv — E;); hv = hc/2 (3.17)

A graph was plotted (Figure3.7) between as (ahv)?Zan ordinate and hv as abscissa. The

extrapolation of straight line to (ahv)? = 0 as provided the value of band gap.

The calculated band gap for the nanocomposite CdS-rGO-WO3; was determined to be 2.20
eV, whereas the band gap for CdS was found to be 2.40 eV, implying a band narrowing
effect, tuning the absorptivity towards the visible spectrum. All of the calculated band gaps
and the corresponding Tauc plots can be found in Table 3.4.

Table 3.4 Calculated values of Band gap and Urbach Energy

Sl Sample Bandgap (eV) Urbach Energy (eV)
No.

a. CdS 2.40 1.65

b. WO; 2.48 0.66

C. rGO-CdS 2.36 4.27

d. CdS-WOs; 2.30 1.65

e. CdS-rGO-WQO3 2.20 2.20
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A high value of Urbach energy means an increase in localized states. From Table 3.4 it can
be seen that, upon incorporation of rGO, with the infusion of defects states, Urbach energy
rose to a high value of 4.27 eV for rGO-CdS from 1.65 eV for that of pristine CdS. However,
a decrease in the value of Urbach energy was seen for CdS-rGO-WO3 (2.20 eV), which is
still higher than that of CdS, may be due to the formation of oxygen vacancies, resulting in

the subsequent band gap narrowing.
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Figure 3.7 Calculated band gaps of a) CdS, b) WOj3, ¢) rGO-CdS, d) CdS-WOz;and
CdS-rGO-WO;

Due to the absorption of photons, transition of the electrons from the valence band (VB) to
the conduction band (CB) occurs. Defect states induced by doping leads to the extension of
tail states through the energy band gap. The tail is being referred to the Urbach tail and

Urbach energy is a metric for measuring the density of electronic states [74].
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2.5 3.0 35 4.0 45
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Figure 3.8 Urbach Energy plots of a) CdS, b) WQO3, ¢) rGO-CdS, d) CdS-WO3zand e)
CdS-rGO-WO3;
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The value of Urbach Energy is calculated from the following equation:

a = a, + exp (i) (3.18)

Ey

Here, E is the photon energy, a is the absorption coefficient and Urbach energy is
represented by E,. In(a) vs E was first plotted, as can be seen from Fig 3.8. The value of
Urbach energy was derived by calculating the reciprocal of the slope of the linear fit of the

plot In(a) vs E.The Urbach energy values are tabulated in Table 3.4.

Photoluminescence spectroscopic study involves the plot of photoluminescence intensity as a
function of wavelength for a fixed excitation wavelength (A=370 nm) [43]. From the
photoluminescence spectra (Figure 3.6d) it can be found that the PL intensity of rGO-CdS
and CdS-rGO-WO;3; Z-scheme photocatalytic system is much lower than that of the pristine
CdS. Strong PL intensity denotes high rate of recombination of photogenerated electrons and
holes. The weak intensity of CdS-rGO-WQOj3; implies lowering of the rate of recombination of
photogenerated electron-hole pairs [75]. Incorporation of rGO lowered the recombination of
electrons and holes, further lowering might have been caused due to the creation of the
oxygen vacancies [76], thereby improving the charge separation, which is demonstrated by
the enhanced photocurrent.

3.5.4 Surface Chemical State Analysis

The surface oxidation states and the elemental composition of the nanocomposite were
reviewed by XPS analysis. The survey scan (Fig 3.9(c)) demonstrated the existence of
elements Cd, S, W, O and C in the synthesized nanomaterial. XPS spectra of Cd 3d in Fig
3.9(a) exhibits two peaks at 405.20 eV and 411.94 eV, which corresponds to Cd 3ds,, and Cd
3da, states of Cd?*[56], respectively. In the W 4f spectra (Figure 3.9(b)), two dominant peaks
at 35.28 eV and 37.49 eV could be attributed to the W 4f;, and 4fs;, states of W®'[44],
respectively. Meanwhile the C 1s spectra (Figure 3.9(d)) could be deconvoluted to three
distinct peaks: 284.9 eV, 286.31 eV and 288.79 eV [77]. The peak at 284.9 eV corresponded
to sp? hybridized graphitic carbon (C=C) bond, whereas the peaks at 286.31 eV and 288.79
eV corresponded to the C-O and C=0 bonds, respectively [78]. The decrease in the relative
intensity of peaks of the C-O bonds, indicate that the GO has been reduced to rGO [79].
Meanwhile the O 1s spectra (Figure 3.9(e)) could be deconvoluted to give rise to two peaks,
at 532.27 eV, which could be attributed to the W-O bonding and at 533.68 eV, which could
be ascribed to the adsorbed oxygen, caused due to the oxygen vacancy states [44]. In Figure
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3.9(f), peaks at 161.47 eV and 162.59 eV of the XPS spectra of S 2p corresponds to the S
2p32 and S 2pyy, states, respectively [44]. Therefore, XPS analysis confirms the construction
of CdS-rGO-WO; heterostructure. A shift of the binding energy in the XPS spectra is an
indicator of the transfer of electron density; if the shift is towards the positive direction, this
suggests a loss of electron density and if the shift is towards the negative direction, this
means gain of electron density. After speculating the binding energy shift, a prediction can be

made about the charge transfer pathway [37].
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Figure 3.9 XPS Spectra 3(a)Cd 3d (3b)W 4f (3c) survey scan of CdS-rGO-WO3 (3d) C
1s, (3e) O 1s and (3f) S 2p

When compared to previous reports, the characteristic peaks at 405.20 eV and 411.94 eV for
Cd 3d showed a shift in the negative direction, indicating an enhancement of electron density
[44]. For W 4f, the characteristic peaks at 35.28 eV and 37.49 eV displayed a positive shift,
when tallied with previous reported data [80], suggesting a decrease in electron density.
Therefore, the charge migration occurred from WO3 to CdS, resulting in the formation of a Z

scheme heterojunction.
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3.5.5 Zeta Potential Measurement

Zeta Potential measurement is an analytical technique to estimate the surface charges of
nanoparticles dispersed in a colloidal system. The stability of the emulsions depends on the
values of the Zeta Potential. Zeta Potential of a sample is measured by determining the
velocity of the charged particles moving towards an electrode, on applying an external
electric field. The values of Zeta Potential might vary within the range of -100mV to +100
mV. A high zeta potential of nanoparticles in a colloidal solution indicates that the force of
repulsion is more dominant compared to the force of attraction, leading to the formation of a
comparatively more stabilized system. On the other hand, nanoparticles with low zeta

potential tend to flocculate or form coagulates, resulting in low stability of the system.

Zeta Potential Distribution

Total Counts

0 t t— t + t t |
-100 0 100 200
Apparent Zeta Potential (mV)

Figure 3.10 Zeta Potential of CdS-rGO-WO3; dispersion

From Figure 3.10, it can be found that the Zeta potential of CdS-rGO-WO; dispersion is
negatively charged with a value of about -31.4 mV. Thus, the stability of CdS-rGO-WQO;3;

dispersion is confirmed under ambient condition.
3.6 Photocatalytic activity for hydrogen generation

Hydrogen evolution by the reduction of water during photocatalytic water splitting was
measured at specific interval of time and the yield of hydrogen was derived.The

photocatalytic activity was studied by varying different process parameters like:
i) source of illumination: a) LED (45 W) and b) Solar simulator (100 W)
ii) types of mediator used: liquid state redox mediator and solid state mediator

iii) loading of reduced graphene oxide

95



i). Role of source of illumination

a. Photocatalytic hydrogen generation using LED

The rates of yield of hydrogen by comparing the five different photocatalysts are shown in

Figure 3.11 a along with the activity plot (Figure 3.11 b). Photocatalytic hydrogen generation

is generally characterized by photocatalytic activity (moles of hydrogen generated/gm.of

catalyst.hour). Pristine CdS showed a photocatalytic activity of 3.17 mmol g™ h™, the activity

was further enhanced to 10.64 mmol g™ h™* for CdS- rGO-WOs3, due the effective separation

of photogenerated electrons and holes as Z-scheme heterojunction was formed.
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Figure 3.11 (a) Rate of production of hydrogen of two different photo-catalysts: CdS
and CdS- rGO-WOs3 using LED as source of irradiation (b) Photocatalytic activities of

CdS and CdS-rGO-WOs; (c) Comparison between the rates of generation of hydrogen

using rGO solid state mediator and Fe*/Fe> redox mediator for Z scheme

nanocomposite (d) Comparison between the corresponding activity rates for rGO solid

state mediator and Fe*'Fe* redox mediator
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ii) Role of nature of mediator:

Different reversible redox mediators like Fe**/ Fe**, 1057/I", NO3 /NO, had been used as
electron mediators in Z-scheme water splitting. However, undesirable backward reactions
occurred due to the competitive oxidation of I" by holes in the Oz evolution photo-catalyst,
while using 103 /1" as redox mediator [38]. Besides, the absorption of visible light by the
redox mediators affects the light absorption of semiconductor photo-catalysts, thereby
reducing the reaction efficiency of reversible redox mediator Z-scheme photocatalytic
system. For this reason, solid state mediated Z-scheme systems without the reversible redox
pair mediators are being explored in recent years. From Figure 3.11 ¢ comparative analysis
between solid state mediated Z scheme photocatalytic system and liquid state redox mediator
based Z scheme photocatalytic system can be seen. Reduced graphene oxide (rGO) was used
as the solid state mediator and the liquid state redox mediator (Fe**'Fe?*) i.e. redox cycle of
trivalent and divalent Fe ions was used. The activity rate almost doubled (10.64 mmol g™* h%)
for rGO based solid state electron mediator when compared to the Fe**'Fe?* based electron
mediator (5.70 mmol g™ hY) for the CdS- rGO-WOj3 nanocomposite (Figure 3.11 d).

b. Photocatalytic hydrogen generation using Solar Simulator

The cumulative volume of hydrogen generated with respect to time was plotted. The rates of
yield of hydrogen were studied by comparing the four different photocatalysts as shown in
Fig 3.12a along with the activity plot (Fig 3.12b). Photocatalytic hydrogen generation is
generally characterized by photocatalytic activity. Pristine CdS displayed a photocatalytic
activity of 4.9 mmol g* h™* and the value of pristine WOz was 2 mmol g™* h™. Due to the
synergistic effect between rGO and CdS, the value of photocatalytic activity rose to a value
of 6.9 mmol g* h. This value was further increased to 11.69 mmol g h™, by effective
charge separation due to the formation of Z-scheme heterojunction. The effect of percentage
of rGO on the photocatalytic activity (Figure 3.12c) was further studied by varying the

percentage of rGO in the nanocomposite photocatalyst.
iii) Role of loading of rGO

The loading of reduced Graphene Oxide was varied, which had a direct effect on the
performance of the rGO-CdS nanocomposite. rGO-CdS with rGO loading of 5%, 10%, 20%
and 30% of rGO was developed and the photocatalytic activity was measured. It was seen

(Figure 3.12c) that with increase in the loading of rGO from 5% the yield of hydrogen
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gradually increased (0.16 mmol) till 20% rGO loading (0.48 mmol) beyond which there is a
decrease in the photocatalytic activity. Thus, 20% rGO loading was selected as the optimized
rGO loading.
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Figure 3.12 (a) Rate of production of hydrogen under the irradiation of solar simulator,
full spectrum (b) Photocatalytic activities of four different photo-catalysts: CdS, rGO-
CdS, WOg3, and CdS- rGO-WOg3, (c) Photocatalytic activities by varying the loading of

rGO and (d) Time course evolution of hydrogen for CdS and CdS- rGO-WO3

The long term photostability of the nanocomposite photocatalyst was also studied for four
consecutive cycles. Each cycle was carried out for 5 h, after which the hydrogen gas was
purged out by using inert gas nitrogen, every single time, keeping the reaction condition
same. It can be seen from Figure 3.12 d that the hydrogen evolution was slightly increased in
the second recycle for the nanocomposite CdS-rGO-WO3 and the hydrogen generation rate
reduced only after the fourth cycle by about 1.9%, exhibiting photostability when compared
to pristine CdS. Thus, the photocatalyst can be reused multiple times, without any decrease in
photocatalytic activity.
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Table 3.5 Comparison of values of STH and AQE for the Z scheme photocatalytic
system for the two different photocatalysts (CdS, CdS-rGO--WO3)

S| Name of STH (%) | AQE(%) STH (%) AQE(%)
No. photocatalyst Source of (3h Source of 5h
illumination: | operation) illumination: | operation)
LED SS
1 Cds 0.13 0.314 0.27 0.64
2 CdS-rGO-WO3; 0.41 1.65 0.62 15

The Solar to Hydrogen Efficiency (STH %) and the Apparent Quantum Efficiency (AQE %)
of both the systems are compared and the data is tabulated as given in Table 3.5. The Solar
to Hydrogen Efficiency (STH %) for the nano-heterojunction CdS-rGO-WO3; was calculated
to be 0.62 and the Apparent Quantum Efficiency (AQE %) was estimated to be 1.5 (A=420
nm) during operation using solar simulator, whereas 0.41 (STH%) and 1.65 (AQE %) was
obtained during operation using LED. The value of AQE is dependent on the total number of
hours of reaction, the operation using LED was carried out for 3h and the operation using
solar simulator was carried out for 5h. The reading was taken in the full band range of the
solar simulator and the for AQE calculation, 420 nm bandpass filter was used for allowing a
single wavelength, that is monochromatic light (A=420 nm).

Table 3.6 compares the photocatalytic activities of different photo-catalyst of this study with
those of literature reported value

Table 3.6: Comparative photocatalytic activity data of different photo catalyst

Photocatalyst Light Source Activity (mmole g* h?) References
CdS-WO3/Pt 500 W Xenon Lamp 2.9 [41]
CdS/ RGO-WO; 300 W Xenon Lamp 0.12 [42]
CdS@WOg3/CoP  Xenon Lamp (A=420) 0.73 [43]
CdS/WO3./MoS, 350 W Xenon Lamp 2.85 [44]
CdS-RGO-WO3; Solar simulator 11.69 This work
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3.7 Photoelectrochemical hydrogen generation

The photocurrent responses of the CdS and CdS-rGO-WO3; were studied to analyse the
photoelectrochemical phenomenon occurring on the surface of the photocatalyst. The

transient photocurrent response was observed under intermittent irradiation of visible light.
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Figure 3.13 (a) Photocurrent comparison between CdS and CdS-rGO-WO; (b) Current
vs Potential Plot of CdS and CdS-rGO-WO3in 0.5 mol/L Na,SO4solution

From Figure 3.13a, it was found that photocurrent value reached zero in absence of light,
while the value reached a high value in presence of light. For CdS-rGO-WOj3; nanocomposite,
the photocurrent density was the maximum, while the photocurrent density for CdS was the
lowest. A higher value of photocurrent density implied a higher value of degree of absorption
of photons and a better mobility of charge transport, thereby signifying a reduction in the rate
of recombination, which could also be verified from the PL study. Linear Sweep
Voltammetry (LSV) study was done to observe the onset potential for H* reduction. From
Figure 3.13b it could be seen that the onset potential for CdS-rGO-WOj3; nano-heterojunction
displayed a negative shift compared to pure CdS, which suggests better HER performance, as
also proved from the photocurrent analysis. The incident photon to current efficiency (IPCE)
at 1.23 vs RHE was calculated to be 0.549 V.

3.8 Plausible Photocatalytic Reaction Mechanism

Z-scheme hetero-structure of CdS-rGO-WOj3 was typically designed to achieve efficient

photo reduction of water to produce hydrogen. A plausible mechanism was predicted base on
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Figure 3.14 Plausible Mechanism
the obtained results and analysis, as can be seen in the Figure 3.14.

The calculated band gap of CdS was found to be 2.40 eV and that of WOz was 2.48 eV. The

VB and CB can be calculated from the following the empirical formulae [83]:
Ecp = Eyp —Ej (3.20)

Here X is the electronegativity of the semiconductor, Ey 5 and E.g represent the valence band
and the conduction band potential, the value of E¢ (energy of free electrons on hydrogen
scale) is about 4.5eV [84]. Electronegativity of an atom is determined by obtaining the
arithmetic mean of the ionization energy and electron affinity of that particular atom. The
values of X of CdS and WO; are estimated to be about 5.19 eV and 6.59 eV, respectively.
Therefore, the calculated values of Eyg and Ecg of CdS are 1.89 eV and -0.51 eV, while the
Eve and Ecg values of that of WO3 are 3.33 eV and 0.85 eV, respectively.

Electron migration took place from the CB of CdS to the CB of WO3, because of the potential
difference and the position of the conduction band edges of CdS (-0.51 eV) and WO3 (0.85
eV). rGO as an electron mediator, allowed the charge transfer at the interface of the
heterojunction. This however resulted in reduced redox ability as photogenerated electrons
gathered at the CB of WOj3;, whereas photogenerated holes gathered at the VB of CdS. Z-
Scheme heterojunction photocatalytic system was more favourable than that of Type-II

photocatalytic system. This was also emphasized by the shift of electron cloud density from
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WO; to CdS as observed from the XPS and PL spectra analysis. In case of Z-scheme

photocatalytic system due to electrostatic attraction between electron and holes, migration of

photogenerated electron occurred easily from the CB of the WO3 to the photogenerated hole

rich VB of the CdS, causing recombination of weaker photogenerated electrons and holes. In

CdS-rGO-WO3; Z-scheme nano heterojunction photogenerated electrons migrated from WO;

to CdS via rGO, whereas holes of WOz remains intact in the VVB. Therefore, reduction

reaction occurred on the CdS, having higher reduction potential and oxidation reaction

occurred on the WO3, having higher oxidation potential respectively. Therefore utilization of

the higher redox potential and minimization of the rate of recombination of more reactive

photogenerated electron-hole pairs in Z-scheme heterojunction, aids in enhancing the

photocatalytic performance.

3.9 Detailed cost-analysis of CdS-rGO-WO;

Table 3.5
Chemical used Chemicals Apprqx. Cost (Rs.) Cost (Dollar)
guantity
Graphite flakes 0.02 g 281.8 3.4
Cadmium 0.05
Sulphide 1.78 0.022
Sodium
tungstate 3.806 349.6 4,22
dihydrate
Oxalic acid 1 512.8 6.19
Deionized water 2L - -
Cds- rGO- Phosphoric 10 ml 2641 319
WOs Acid
Hydrogen 10 ml 57.48 0.69
Peroxide
Hydroc_hloric 40 ml 13.8 017
Acid
Ethanol (for
synthesis & 20 ml 12 0.14
washing)
Sulphuric Acid 10 ml 9.8 0.12
Stirring 54.6 unit (30 485.9 5.87
hours)
Electricity . 13 unit (10
Involved Drying hours) 1157 1.40
Calcination 20 unit (42 178 2.15
hours)
Total 2282.57 27.56
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1 g of the synthesised rGO-ZnO-WO; photo catalyst typically costs $27.56.

The stirring and drying cost has been calculated using the following equation (3.21):

Stirring, Drying cost =

Instrument power (watt)xtimexunit cost
1000

(3.21)

3.10. Conclusions

X/
°e

X/
°e
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A solid mediator-based Z-scheme CdS-rGO-WO;3; nano-heterostructure was
synthesized by an in-situ hydrothermal process.

Photocatalytic performance study of rGO-CdS (varying rGO loading: 5%,10% 20%
and 30%) to get optimal rGO loading that is 20%.

Modification of optimal rGO-CdS photocatalyst by WO3 to obtain best photoactive
CdS-rGO-WO3; nanocomposite photocatalyst for increasing the yield of hydrogen
production.

The formation of a direct Z-scheme CdS-rGO-WO3; heterojunction was verified by
using different sets of characterization techniques such as SEM, TEM, XRD, FTIR,
UV-Vis and XPS.

Photocatalytic performance study of CdS-rGO-WO; photocatalyst under LED and
solar light illumination.

Pristine CdS displayed a photocatalytic activity of 3.17 mmol g* h™whereas a value
of 10.64 mmol g* h* for CdS-rGO-WO; photocatalyst was obtained which was
almost 3.3 times than pristine CdS, in presence of LED as source of light.

Pristine CdS displayed a photocatalytic activity of 4.9 mmol g* h™ whereas a value of
11.69 mmol g*h™ for CdS-rGO-WOj3 photocatalyst was obtained which was almost
2.4 times than pristine CdS, in presence of solar simulator. This enhanced
photocatalytic performance of the nanocomposites is suggestive of an efficient Z-
scheme charge transfer at the interface of the heterojunction, as also evident from the
generated photocurrent measurement. This research work offers a valuable insight in
designing newer categories of heterojunction

The incident photon to current efficiency (IPCE) at 1.23 vs RHE obtained as 0.549 V.
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Chapter 4

Organic alginate encapsulated rGO-WO; based
photocatalyst for continuous solar green

hydrogen generation

Highlights:

» Remarkable (81.8 mmol g™ h™') solar hydrogen generation through water
splitting using an alginate-encapsulated rGO-CdS-WOs-alginate
millisphere photocatalyst and a full-band spectrum of solar irradiation.

= Notable (90.63 mmol g* h™) solar hydrogen generation through water
splitting using an alginate-encapsulated rGO-ZnO-WO3-alginate

millisphere photocatalyst and a full-band spectrum of solar irradiation.

= Dependence of the rate of hydrogen evolution on the extent of hydration
and the time frame of pre-adsorption of the water (hydration) in the
photocatalyst millisphere. Steady, constant rate of sustainable continuous
hydrogen generation from flow reactors.

LN

Sodium Alginate Highly water Soluble rGO-CdS-WO0;-alginate rG0-Zn0-WO0,-alginate
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4.1 Introduction

The solar green hydrogen generation via photocatalytic water splitting depends on various
factors which includes intensity of light [1], activity of the efficiency light conversion, the
photocatalyst materials [2], photo-corrosion [3] and the recombination of photocarriers [4].
Numerous investigations have been undertaken in order to generate highly efficient
photocatalytic materials capable of solving the issues experienced by presently used
photocatalytic materials. To be a high-performance photocatalytic material, it should ideally
be visible light-driven, highly resistant to photo-corrosion, have a correct band edge position,
and be capable of smooth photo-charge carrier migration and separation [5-7]. Slow reaction
kinetics, fast recombination of photo generated electrons and holes, a very poor hydrogen
yield, metal aggregation, and metal loss are further challenges to commercialization of
photocatalytic water splitting [8]. Photocatalysts with high water adsorption and retention
capabilities are critical for viable solar hydrogen generation from water in batch or
continuous modes of operation. The HER process is a heterogeneous catalytic reaction
process that includes diffusion of water molecules towards the catalyst surface, physical
and/or chemical adsorption of water molecules on the active sites, surface reactions, and
hydrogen desorption. Because surface catalytic reactions are limited, improving photocatalyst
performance still remains a serious issue.

The heterogeneous photocatalytic reaction occurs particularly on the active sites at the
photocatalyst's surface, where all resident photo charges commence the activity. Thus,
the performance of water splitting may be improved by tailoring the surface structure
of photocatalytic materials [9-10]. The majority of photocatalyst systems for water
splitting reported in the literature were powdered nanoparticles, which had a number
of disadvantages, including metal aggression and metal loss during recovery, which
greatly reduced metal loading during catalyst recovery and lowered catalytic activity
[11-12]. Recovery of catalyst nanoparticles from the reactor is a complicated operation
that is required for safe hydrogen generation in practical applications. One of the
issues for photocatalytic systems using nanoparticles is catalyst recycling, which has a
significant influence on running costs.

Furthermore, the majority of these structured powder catalyst systems work in batch
mode and lack control over the pace of hydrogen production. Catalyst nanoparticles
are commonly immobilised on substrates such as carbons [13], Ni substrates [14-15],

polymers [16], metal phosphides [17], and ceramics [18]. Immobilisation and
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encapsulation of active nanoparticle photocatalyst into three-dimensional (3D)
network microstructures have recently piqued the attention of researchers for
separation-free photocatalytic applications [19-20]. Metal-organic frameworks
(MOFs) have been suggested to support the alloy's nanoparticles [13], preventing
metal agglomeration and increasing catalytic activity.

The metal-organic framework (MOFs) was able to stabilise metal nanoparticles due to
its large surface area, well-defined pore structure, and porosity. Various bio-based
materials, such as wood and rattan, have been used as catalyst carriers [19-20].
Transparent hydrogel-based materials with strong absorption capabilities due to their
swollen 3D network structures, hydrophilicity that promotes chemisorption as well as
physisorption of water confined in the channels, and good thermal and mechanical
stability have recently piqued researchers' interest. The use of hydrogel as a small
reactor to boost the photocatalytic hydrogen production activity of CdS and ZnS
guantum dot photocatalysts is being investigated [21]. It has been shown [22] that CdS
incorporated in cationic hydrogel improves photocatalytic hydrogen production. [23]
describes a PVA hydrogel integrated with ZnO/ZnS as a separation-free photocatalyst
with good recycling performance for increased photocatalytic hydrogen production.
In general, the adsorption and distribution characteristics of water molecules in
hydrogel micropores and on active sites play a critical role in regulating the efficacy of
heterogeneous  catalytic  processes, particularly for  hydrogel-encapsulated
photocatalysts [24-27]. The photocatalyst's water adsorption capacity illustrates the
difficulties of greater adsorption limiting subsequent hydrogen desorption and the
production of semiconductors with specific crystal planes and a lower molecular
adsorption energy [28-29]. Understanding the process of photocatalytic water
dissociation is dependent on the interfacial structure of the water in contact with the
photocatalyst; interactions between physically and chemically sorbed water molecules
may result in superhydrophilicity of the photocatalyst [30]. According to the literature,
water stabilised in the nano confinement area acts differently from water molecules on
the bulk photocatalyst's surface [31-32]. In compared to a bulk water system, capturing
water in a microporous organic framework or hydrogel may be an optimum method
for boosting "nano-confined water molecules” on the inner active sites of a
photocatalyst.

Surface photocatalytic reactions to change the distribution of water molecules and

chemical adsorption qualities on photocatalyst active sites, from which it may continue
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on demand at a viable reaction state to boost hydrogen evolution reaction activity [25]
are of great interest. The distribution and adsorption of water molecules impact the
efficacy of a heterogeneous photocatalytic process [33-34]. The diffusion and
adsorption of water molecules on the surface of the catalyst, as well as surface
reactions, are involved in the heterogeneous catalytic hydrogen evolution reaction
mechanism [35]. Any regulated increase in the pace or quantity of water diffusion
towards the active sites of the photocatalyst will result in increased photocatalytic
activity. Furthermore, at different time scales, charge carrier recombination and
interaction with surface adsorbates are critical to the efficacy of the photocatalytic
water splitting process. According to a recent- research, the hydrated material has
increased hole mobility; the adsorbed water may successfully stabilise photogenerated
charge carriers in nanocrystalline photocatalyst (TiO>) and prevent their recombination

on a time scale of minutes [36].

The focus of this Chapter 4 is the synthesis, characterization of the alginate based 3D-
organic photocatalyst and study of solar green hydrogen evolution performance using
the photocatalyst.

4.2 Objectives

(a) Alginate encapsulated reduced graphene oxide based CdS-WO;3;
(b) Alginate encapsulated reduced graphene oxide based ZnO-WO;

The specific objectives are enlisted below:

1. Synthesis of organic polysaccharide based rGO-CdS-WOs-alginate millisphere
photocatalyst.

2. Synthesis of organic polysaccharide based rGO-ZnO-WOs-alginate millisphere
photocatalyst.

3. Water uptake dynamics study of organic alginate based millisphere photocatalyst.

4. Batch and continuous study of solar hydrogen generation using both millisphere
alginate based photocatalyst.

5. Recyclability test (durability) of organic alginate based millisphere photocatalyst.

6. Cell viability assay of both powder based and alginate based millisphere
photocatalyst.

7. Cost Analysis comparison of both organic alginates based millisphere photocatalyst.
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The major research problem is addressed in this chapter; the problem definition is as follows:
Problem definition:
Organic alginate encapsulated rGO-WOj3; based photocatalyst for continuous solar green

hydrogen generation

Cadmium sulphide (CdS) is one of numerous visible-light-driven photocatalysts that have
long been employed in the study of photocatalytic water splitting [37]. Cadmium sulphide's
2.4 eV band gap makes it an appealing active material for visible-range applications, and its
band edge is at an ideal position for water-splitting Hydrogen [38-39]. A single CdS molecule
application is restricted by characteristics such as its high photo charge carrier recombination
rate, short hole diffusion length, and sluggish water oxidation kinetics [7]. To address these
issues, several research groups have employed various ways to develop heterostructure
system [40-41]. Graphene has received a great deal of interest in recent years due to its
extraordinary features like as high optical transparency, excellent electrical conductivity, and
a large theoretical specific surface area. Because of its conjugation structure, graphene, a uni-
atomic layer of sp>-hybridised carbon atoms, works as an excellent electron transporter and
may therefore be utilised to reduce the rate of recombination of photo-generated electron-hole
pairs [42-43]. Because of its unique qualities such as increased surface area, improved charge
migration, and band-gap tuning capability, graphene-based catalytic devices are recognized
for enhanced hydrogen production. Because of its remarkable optical characteristics, tunable
bandgap, and considerable visible light absorption Tungsten oxide (WO3) stands out as a
viable choice. WOj3 is also nontoxic, cheap, and stable in acidic and oxidative environments,
which is fascinating. It is generally established that a variety of synthetic techniques may be
used to create photocatalysts with varying morphologies, sizes, and structures, each of which
has a distinct impact on their catalytic efficiency. It has prospective uses in gas sensing,
electrocatalysts, and lithium-ion batteries due to its unique electrical and optoelectronic
characteristics, good photo-corrosion stability, and ease of recycling [44-47]. ZnO stands out
among them as a dependable semiconductor material with a band gap of 3.3 eV for the
synthesis of solar hydrogen due to its non-toxicity, high charge carrier mobility, chemical
stability, and ease of availability. Despite this, because to the quick recombination of
photogenerated electrons and holes, pure ZnO has a poor hydrogen generation efficiency
[48]. In recent years, significant attempts have been made to increase ZnO effectiveness in

visible light-driven photocatalysis, either by increasing the light-harvesting duration by
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reducing the bandgap or by improving charge separation efficiency [49-51]. As a
consequence, doping with metals or non-metals [52], or linking with other semiconductors or
nano-carbons such as graphene or reduced graphene oxide [53], may considerably enhance
the efficiency of ZnO solar hydrogen generation [54].

4.3 Alginate as a 3D Metal-Organic Framework (MOF’s) as photocatalyst support /
encapsulation

Sodium alginate is an organic polysaccharide biopolymer composed mostly of L-guluronic
acid (G) and D-mannuronic acid (M). Alginate is generally extracted from brown algae
(Phaeophyceae) such as Laminaria hyperborea, Laminaria digitata, Laminaria japonica,
Ascophyllum nodosum, and Macrocystis pyrifera [55] using aqueous alkali solutions, most
often NaOH. To precipitate alginate, the extract is filtered and either sodium or calcium
chloride is added to the filtrate. By treating this alginate salt with weak HCI, it may be
converted into alginic acid. Water-soluble sodium alginate power is obtained after additional
purification and conversion [56]. The existence of M/G and the sequence are determined by
the source of alginic acid, which might be bacteria [57] or brown algae [58]. Alginate
concentration in Ascophyllum nodosum is 22-30% by dry weight and 25-44% in Laminaria
digitata [59]. When compared to other hydrogels, sodium alginate has a higher degree of
porosity, swelling behaviour, gel strength, biodegradability, and biocompatibility, all of
which have a substantial impact on their delivery carrier applications. [55]. The
recommended biopolymer (organic moiety) for the catalyst-encapsulated millispheres is
sodium alginate, which is commercially generated from brown seaweed extract. Alginate is
an anionic polymer that is extracted from brown seaweed, which has been investigated and
utilised for various sectors like in foods, textiles, drug delivery, bio-medical and
pharmaceutical applications because to its biocompatibility, low toxicity, cheap cost, and
moderate gelation caused by the addition of divalent cations. By increasing the molecular
weight of alginate, the physical properties of the resultant gels may be enhanced. A high
molecular weight polymer-generated alginate solution, on the other hand, becomes quite
viscous, which is often undesirable in processing [60]. Manipulation of the molecular weight
and its distribution may control both the viscosity of the pre-gel solution and the stiffness of the
post-gelling solution independently. Immobilisation of metal ions during the gelation process
resulted in the production of various metal-polymer composites throughout time by various
research groups. Alginate was employed as a template to create nanostructures utilising

components such as Co, Ni, Zn, and Fe [61-65]. During the synthesis of alginate hydrogels,
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divalent Ca** cations interact with two nearby diaxially linked G residues, resulting in the
construction of a cavity that serves as a binding site for the egg-box buckling Ca®*

arrangement.

.......

O
3D model Image  +

Figure 4.2: Calcium alginate as foam and millisphere beads, 3D model image of
Calcium alginate

Chemical and/or physical cross-linking of hydrophilic polymers is a common method for
forming hydrogels, and their physicochemical properties are highly dependent on the cross-
linking type and density, as well as the polymers' molecular weight and chemical
composition [66]. Combining an aqueous alginate solution with ionic cross-linking agents,
such as divalent cations (i.e., Ca®"), is the most popular approach for creating hydrogels
(Figure 4.1). Because the structure of the guluronate blocks allows for a high degree of
coordination of the divalent ions, the divalent cations are thought to bind only to guluronate
blocks of the alginate chains. In what is known as the “egg-box” model of cross-linking, the
guluronate blocks of one polymer chain connect with the adjacent neighbouring guluronate
blocks, resulting in a gel structure [67]. Gels made from alginate with a high quantity of G

residues, for example, are stiffer than those with a low level of G residues [68]. One
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significant disadvantage of ionically cross-linked alginate gels is their low long-term
durability in physiological circumstances, since these gels may disintegrate owing to divalent
ion release into the surrounding fluids as a result of exchange interactions with monovalent
cations. Mammals cannot degrade alginate as alginase enzyme is not present that cleaves
polymer chains, but metamorphically alginates are cross-linked gels that basically dissolves
as reaction exchanges with cations that are monovalent like ions of sodium. Even if the gel
dissolves, the average molecular weights of several commercially available alginates are
greater than the renal clearance threshold of the kidneys, implying that the alginates will not

be entirely eliminated from the body [69].

4.4 rGO-CdS-WOg3-alginate and rGO-ZnO-WOg3-alginate as 3D MOF photocatalyst for

green solar hydrogen generation

Soft alginate hydrogel was selected as the organic carrier for the catalyst rGO-CdS-
WO3; and rGO-CdS-ZnO due to its benefits. Alginate hydrogel's long gelation process
gives greater mechanical integrity and structural consistency [70]. Because the two G-
blocks of neighbouring chains may create electronegative spaces for transporting
cations, the alginate solution is readily transformed to alginate hydrogel by ionotropic
gelation with a polyvalent metal ion (Ca®"), resulting in the development of a 3D gel
network [71]. The rGO-CdS-WO; and rGO-CdS-ZnO composite is ionic
gelated/encapsulated in the alginate hydrogel by the external gelation method, in
which soluble salt (CaCO3) diffuses into the alginate sol phase to create heterogeneous
hydrogels [72]. Greater water retention was achieved by increasing the concentration
of alginate hydrogel, but the addition of rGO-CdS-WO3; and rGO-CdS-ZnO increased
photocatalytic efficiency. The performance of rGO-CdS-WOs-Alginate and rGO-CdS-
ZnO-Alginate in the context of solar hydrogen generation is investigated and
compared; improved activity of alginate-encapsulated photocatalysts is assessed in
comparison to pristine powder-like photocatalyst rGO-CdS-WOQO3/ rGO-ZnO-WOs; is
evaluated. Water adsorption in the pores of alginate and on the active sites of the
photocatalyst, as well as retention duration on the active sites of the photocatalyst, are
important factors in regulating the overall pace of the water splitting process for
hydrogen generation. The photocatalytic activity and rate of hydrogen evolution are
examined in particular in relation to the level of hydration/pre-adsorption of water in
the alginate-encapsulated photocatalyst milli-sphere. Furthermore, for the continuous

mode of operation, the fluctuation of the production rate of solar hydrogen generation
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by water splitting with the change in incoming flow rate of water (residence time) has
been investigated, which is seldom documented in the literature. In addition, the
photo-corrosion characteristics were investigated using reusability and stability
assessments. Cell viability testing is also used to demonstrate that encapsulated
photocatalysts are less hazardous than virgin powder catalysts. Finally, a cost analysis
is presented to address economic concerns. The organic polysaccharide polymer
alginate nanocage, with its mesoporous pores and hydrophilic channels, offers itself as
a suitable system for boosting water molecule transport and adsorption in the nano-
confinement region. We used a rGO-CdS-WOs-alginate/ rGO-ZnO-WOg3-alginate
photocatalyst enclosed inside an organic polymer alginate nano-cage to allow water
molecules to adsorb and the hydrogen evolution process to occur. The structure design
facilitates the accumulation of reactant water molecules in the cavity of the rGO-CdS-
WOs-alginate/ rGO-ZnO-WOg3-alginate photocatalyst; the confined water molecules in
the pores of the alginate and on the rGO-CdS-WOgs-alginate/ rGO-ZnO-WOg3-alginate
surface through physical and chemical adsorption behave differently than the bulk
water system and promote super hydrophilicity, thereby enhancing its photocatalytic
performance. The intermolecular hydrogen bonds formed between the water molecule
and the hydroxyl and acid groups of sodium alginate aid in water molecule binding
and adsorption, allowing for the achievement of the goal of extending retention
duration during the water-splitting process.

4.5 Materials for synthesis of rGO-CdS-WO3-alginate millisphere photocatalyst:

Cadmium acetate dihyrate [Cd(CH3CO,),.2H,0, 98% purity], Thio-urea (SC(NH),, 99%
purity), Sodium tungstate dihydrate (Na,W0Q,.2H,0), Sodium Alginate, Calcium Chloride
(CaCly, 99.9%), Oxalic acid (C,H,04, 98% purity) were procured from Sigma-Aldrich.
Graphite flakes (extra pure 99.5 %, 50 um average sizes, bulk density 20-30 gm. /100 ml)
and Sodium Alginate (C¢HoNaO7, 91%) was bought from Loba Chemie. Sulphuric Acid
(H2SO4, 98%), Phosphoric Acid (H3PO4, 88%) Potassium Permanganate (KMnOg, 99%),
Hydrogen Peroxide (H,O,, 30%), Hydrochloric Acid (HCI, 35%), Ethanol (C,HsOH, 99.9%)
were also procured from Merck. The chemical reagents used, were of analytical grade.
Deionized water (DI) with a resistivity of 18.25 MQ was utilised during the

experimental process.
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4.6 Synthesis of organic polysaccharide based rGO-CdS-WOgs-alginate millisphere
photocatalyst.

The detailed synthesis of powder photocatalyst CdS-rGO-WOs; has already been discussed in
the Chapter No 3. The encapsulation of CdS-rGO-WOs; in the organic Alginate matrix was
done by the process of gelation, by ionic crosslinking. Hydrogel of Sodium Alginate forms
due to the cross linkage between the carboxylate groups (COQ") of Alginate and the divalent
ions of Ca®" (obtained from precursors like CaCly), creating ordered “egg box” like
arrangement. [67] 1wt% aqueous solution of Sodium alginate was taken for synthesizing
Alginate hydrogel. This solution was stirred at vigorously for 2 hours at a speed of 800 rpm
in a magnetic stirrer (Tarson), until a homogeneous solution is obtained. Previously
synthesized CdS-rGO-WO3 (as mentioned in Chapter 3) was then added to this solution. The
solution was then stirred for extra 4 hours with an increased speed of 1000 rpm. Meanwhile,
1 wt. % aqueous solution of CaCl, was prepared as a cross-linker. Then this CaCl, solution
was dispensed with the help a micropipette, leading to the formation of uniform spherical
beads. These microspheres were then kept in a petri dish for stabilization for 30 minutes
(ageing time). These beads were then washed with deionized water for three times, followed
by vacuum filtration and finally dried in vacuum oven (< 80°C). Similarly, a Calcium-
Alginate is synthesized in a same manner but without the addition of the photocatalyst

powder.
4.7 Materials for synthesis of rGO-CdS-ZnO-alginate millisphere photocatalyst:

Zinc nitrate [Zn(NO3),.6H,0O, 98% purity], Potassium Hydroxide (KOH 99% purity),
Sodium tungstate dihydrate (Na,WO,4.2H,0), Sodium Alginate, Calcium Chloride (CaCl,,
99.9%), Sodium Chloride (NaCl) and Ammonia were procured from Sigma-Aldrich.
Graphite flakes (extra pure 99.5 %, 50 um average sizes, bulk density 20-30 gm. /100 ml)
and Sodium Alginate (CsHgNaO7, 91%) was bought from Loba Chemie. Sulphuric Acid
(H2S04, 98%), Phosphoric Acid (H3PO4, 88%) Potassium Permanganate (KMnOj4, 99%),
Hydrogen Peroxide (H,O,, 30%), Hydrochloric Acid (HCI, 35%), Ethanol (C,HsOH, 99.9%)
were also procured from Merck. All other chemical reagents were of analytical grade and
used as received without further purification. Deionized water (DI) with resistivity of

18.25 MQ was used during the experimental procedure.
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4.8 Synthesis of organic polysaccharide based rGO-ZnO- WO; -alginate millisphere
photocatalyst.

The detailed synthesis of powder photocatalyst CdS-rGO-WOs3; has been discussed in the
chapter 3. The encapsulation of rGO-ZnO/WQs; in the organic Alginate matrix was done by
the process of gelation, by ionic crosslinking. Hydrogel of Sodium alginate forms due to the
cross linkage between the carboxylate groups of Alginate and the divalent ions of Ca®*
(obtained from precursors like CaCl,), creating ordered “egg box™ like arrangement [67]. 1
wt% aqueous solution of Sodium Alginate was taken for synthesizing Sodium Alginate
hydrogel. This solution was stirred at high speed for about two hours, until a homogeneous
solution is obtained. Previously synthesized rGO-ZnO/WOQO3; was then added to this solution.
The solution was then stirred for two more hours. Meanwhile, 1 wt. % aqueous solution of
CaCl, was prepared and chilled in a low temperature freezer. Then this CaCOj3 solution was
dispensed with the help a micropipette (Inner diameter: 0.5 cm), leading to the formation of
uniform spherical beads. The distance between nozzle and CaCl, solution was 8 cm and the
solution was stirred slowly. These microspheres were then kept in a petri-dish in low
temperature (4°C) for stabilization. These beads were then washed with deionized water,

followed by vacuum filtration and finally dried in vacuum oven (Figure 4.2).

N i stirringat |} =
700rpm |: 65°C /1 hour

| Ag. Alginate dispersion | Aftzer:'g ((’i';')o;‘}vg;iﬁo' Internal gelation by Freezing & rGO-Zn0O (1:3) /WO, -

Alpinats thaparsion cross-linker CaCO, stabilization at R.T Alginate

Figure 4.3: Synthesis of rGO-ZnO-WO3-Alginate millisphere beads

4.9 Material Characterizations of alginate based photocatalyst millisphere.

The morphologies of the synthesized alginate based millisphere photocatalysts were studied
by employing Field Emission Scanning Electron Microscopy (FE-SEM) technique. Hitachi
S-3400 SEM was used for analysis of the surface morphology of the samples collected at an
accelerating voltage of 15.0 kV. The Energy Dispersive X-ray (EDX) study was performed

to obtain the percentage of elements in the composite material.
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4.9.1 Field emission scanning electron microscopy (FE-SEM) and Energy Dispersive X-
ray (EDX) microanalysis

200 nm
—_

rGO-ZnO-WO,-Alginate

Figure 4.4: FE-SEM Image of (1) Calcium alginate (1) rGO-CdS-alginate, CdS-
Alginate (Inset) (111) rGO-ZnO-WOg3-Alginate and (1) rGO-CdS-WOs-Alginate

The morphologies of Calcium alginate (Figure 4.3-1), CdS-Alginate (Figure 4.3-1l,
Inset), rGO-CdS-Alginate (Figure 4.3-11), rGO-ZnO-WOgs-Alginate (Figure 4.3-111)
and rGO-CdS-WOs-Alginate (Figure 4.3-1V) were investigated by scanning electron
microscopy. The SEM analysis shown in Figure 4.3, depicts homogenously distributed
sodium alginate nano-fibrils scattered with CdS nano-flowers in CdS-alginate (Figure
4.3-11, inset). All the alginate based photo catalyst morphologies displayed a porous
structure. rGO-ZnO-WO3-Alginate and rGO-CdS-WO3s-Alginate exhibits a denser
pore structure compared to that of rGO-CdS-Alginate. This can be attributed to the
fact that the incorporation of photocatalyst nanoparticles destroys the pristine alginate
hydrogel network. The surface became rough because of the attachment of
photocatalyst nanoparticles to the hydrogel surface. Figure Il inset shows that the micro

fibrils of sodium alginate can be seen interspersed with nano-flowers of CdS on the
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crumpled-up sheets of graphene in case of CdS- alginate. This crumpled-up nature of
graphene may result from the restacking procedure and the exfoliation effect [73]. The pores
observed in each alginate based photocatalyst shows the high water retention capacity within

its 3D organic structure.
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Figure 5.4 : EDX spectra of rGO-CdS-WO3;-Alginate

The obtained EDX spectrum of rGO-CdS-WOs-Alginate (Figure 4.4) also confirmed the
successful formation with the appearance of Cd, W, Ca and S peaks. The atomic composition
of Cd, W and S was found to be 0.38, 0.74 % and 2.85 %, respectively. The atomic percent is
almost equivalent to their nominal stoichiometry within the experimental error, according to
the EDX spectra. Due to the encapsulation of photocatalyst in the alginate framework
majority of the peaks correspond to carbon and oxygen. Other peak of Ca and Cl are due to

the presence of cross linker in the organic framework of alginate.

Table 4.1: Composition tabulation by EDX spectra

Element Weight % Atomic % Net Int. Error % Kratio Z R A F
oK 27.67 47.30 36.61 13.67 0.0378 1.1219 0.9325 0.1219 1.0000
NaK 538 6.40 19.36 15.23 0.0191 1.0226 0.9615 0.3466 1.0033
SK 285 243 2473 970 0.0255 1.0063 0.9998 0.8484 1.0483
CIK 33.51 25.84 256.25 3.54 0.2885 0.9578 1.0064 0.8817 1.0195
CdL 0.38 0.09 1.12 68.54 0.0028 0.7536 1.2064 0.9336 1.03%
CakK 2522 17.20 126.73 471 02137 09722 1.0242 0.8606 1.0132
wL 5.00 074 3.40 40.41 0.0371 0.6188 1.1763 1.0395 1.1533

4.10 Liquid water sorption of alginate based photocatalyst millisphere.

Hydrogels had the capacity to hold and absorb a particular amount of the water due to its 3D
cage like structure. The sorption of liquid water was studied by quantifying water uptake over
time while immersed in liquid water. At room temperature, vacuum-dried, pre-weighed dry

alginate based hydrogel millisphere particles were submerged in deionized water. After
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dehydrating their surfaces with filter paper, their weight was attentively monitored at regular
intervals until the millisphere hydrogel showed a constant weight. The fractional change in
weight was converted to a percentage using empirical formulas. All investigations were
conducted three times, and the mean results were used for calculations. Using a micrometre,

the average diameter of dried crystals was determined using a micrometre (Kayco).

__ (Final weight—Initial weight)

Dynamic weight change (%) x 100 (4.2)

Initial weight

Alginate Millisphere | Average diameter (+ 0.001 cm) | Water uptake (%0)
Calcium alginate 0.61 98.6
rGO-CdS-Alginate 0.63 96.1
rGO-CdS-WOgs-alginate 0.64 96.9
rGO-ZnO-WOg3-alginate 0.58 97.7

Table 4.2: Average diameter and water uptake(%o) of different millisphere
photocatalyst

The water uptake or sorption characteristics of Ca-alginate, rGO-CdS-Alginate, rGO-
CdS-WOs-alginate and rGO-ZnO-WOs-alginate at the room temperature (20°C) are
shown in the Figure 4.5 |. Since Ca-Alginate hydrogel have multiple Carboxyl
group(COQO") and hydroxyl (OH")group resulting maximum water uptake. For the time
duration of 10 hour of water uptake the Ca-Alginate can achieves 98.6% and continues
to swell, absorbs water in its larger pores. The inner pores of the Ca-alginate are
higher compared to others prompting higher absorption of water molecules. Similarly,
rGO-CdS-Alginate, rGO-CdS-WOgs-alginate and rGO-ZnO-WOs-alginate shows the
water uptake as 96.1%, 96.9% and 97.7%, respectively (Figure 4.5 Il). The increased
water uptake capacity of the alginate hydrogel encapsulated photocatalyst reflects the
increase in the photocatalytic activity.

Calcium alginate has higher water uptake capacity but doesn’t have any photocatalytic
activity due to absence of any photocatalyst materials in it (00.00 mmole g™ h™).

The water uptake of all the photocatalyst encapsulated alginate hydrogels is slowly
increased up to 4 hours (point of inflection versus time elapsed; Figure-4.5-1) and then
increased rapidly up to 8 hours followed by gradual increase until the equilibrium
reached at around 12 hours. The dynamic water adsorption behaviour of alginate

encapsulated photocatalyst is described by a two-stage kinetic model.
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Stage-1: When swelling and pore size grow, the first stage contains sluggish rate of
adsorption is far from equilibrium.

Stage-1l:  When the pore size crosses a threshold value, the dynamic adsorption
follows an equilibrium controlled first order Kinetics.
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Figure 4.5: Comparison of water uptake of different alginate based photocatalyst
4.11 Photocatalytic Hydrogen Generation: batch and continuous mode of operation

The basic continuous photocatalytic hydrogen generating system is shown in Figure 4.6.
Semi-batch and continuous tests were used to evaluate photocatalyst performance. The pH
and dissolved solids of the water were examined using a portable pH/EC/TDS checker
(Hanna Instruments, USA; HI991300P) for a specific semi-batch experimental investigation,
and they were 6.53 and 0.009 ppm, respectively. To replicate, a solar simulator (manual
shutter, Newport Oriel LCS-100) was used, with the intensity set to 100 mW cm™. The AM
1.5G air mass filter installed in the LCS-100 solar simulator (Class ABB) may achieve class
A spectral performance in compliance with the IEC and ASTM specifications for 1 sun
irradiation output. The hydrogen production was studied using the water column
displacement method. All alginate based millisphere photocatalyst were used for hydrogen
generation (semi-batch mode) at 20°C in a specifically built lab-scale glass photocatalytic
reactor. There was no sacrificial agent utilized, and 0.5 g of the alginate encapsulated
photocatalyst was distributed in 25 ml of deionized water. The created glass reactor was
purged to remove O, (air) before to each photocatalytic reaction experiment using a vacuum
pump (Rivotek, 30 LPM). Prior to the start of the photocatalytic reaction (by turning on the
solar simulator), the photocatalyst milli sized beads were immersed in water for three, six,

twelve, and eighteen hours to allow water to sorb into the pores of the alginate hydrogel and
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subsequent pre-adsorption of confined water into the pores to reach close proximity of the

encapsulated photocatalyst.

Solar Simulator Power Meter Water Displacement Water Storage Tank

Continuous H,

generation reactor

Tedlar bag for é Lux Meter M Water Source &
gas collection Analyzer Peristaltic Pump

Figure 4.6: Real life picture of Continuous Hydrogen generation set-up

The photocatalytic process is carried out for more than 5 hours, or until the rate of hydrogen
production reaches zero. The packed bed millisphere beads were used to create and develop
the continuous photocatalytic splitting reactor. The deionized water was continually purged at
a predetermined flow rate via the reactor's bottom valve by a peristaltic pump, and the flow
was regulated by a water flow controller. The reactor was made out of an interior vessel that
had packed millisphere catalytic beads and was filled with water. The reactor's water was
withdrawn by the water outlet, while the hydrogen produced was collected via the gas outlet
valve. The created gas was passed through a potassium pyrogallate solution to absorb the
oxygen, and the displacement of water was used to calculate the cumulative hydrogen
generation over time. For eight hours, the constant creation of hydrogen is recorded. To
evaluate the recycling stability of the photocatalysts, each used milli sized bead photocatalyst
was washed multiple times with deionized water and dried in an oven at 60 °C for 4 hours
prior to each subsequent run under the same operating circumstances. In the glass reactor, the
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dried material was re-dispersed in 25 mL of deionized water. The photo catalyst’s
recyclability was investigated over the course of four successive cycles.

The photocatalytic activity and apparent quantum efficiency of a given photocatalyst are
measured. The cumulative hydrogen production versus time data is used to calculate the
photocatalytic activity (mmol hydrogen g™ hr™) of the various photocatalysts. Experiments
are carried out utilizing the solar simulator's full band spectra as well as band pass filters at
420 nm. A 420 nm band pass filter is used to calculate apparent quantum yields (AQYSs). The
light intensity was set to 100 mW cm™ and recorded using a power meter (Newport 843-R).
The radius was irradiated across a 14.44 cm? region. A power metre (843-R, Newport) was
used to measure the number of incoming photons from the solar simulator (Newport LCS-
100).

Apparent quantum vyields (AQYs) for different Alginate encapsulated photo-catalysts were

calculated by the following equation, as previously reported [74] and tabulated in Table 4.3:

2XThe number of evolved Hydrogen molecules

AQE(%) = x 100 (4.2)

The number of incident photons

A novel 3D millisphere of organic alginates hydrogel-encapsulated graphene-supported CdS-
WOQOj3; and CdS- ZnO photocatalyst with high water retention capability is investigated here for
enhanced solar hydrogen production from water using batch and continuous modes of
operation for a pressure-driven flow-through system under full band solar irradiation. The
primary emphasis was put on the function of enhanced water molecule adsorption on the
active sites of the photocatalyst on the performance of solar hydrogen generation. It is proven
that alginate-encapsulated photocatalyst systems (rGO-CdS-WOs-alginate and rGO-ZnO-
WO;3-alginate) generate more hydrogen than competing powder catalysts. The photocatalytic
activity of various catalysts is assessed using cumulative hydrogen production data for about
6 hours and compared to published data (Table 4.4). For comparison, pure sodium alginate
millispheres were also evaluated for photoactivity, and organic sodium alginate was shown to
have little photocatalytic activity. By adding CdS-alginate, the photocatalytic activity of pure
CdS powder photocatalyst (2.6 mmol h™ g*) may be improved by an order of magnitude.
When rGO-CdS is utilised instead of CdS, the specific surface area increases, electrons flow
faster, the band gap value decreases, and electron hole recombination decreases, as indicated

in the powder photocatalyst PL spectra.
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Figure 4.7 : (I)Batch Hydrogen generation from rGO-CdS-WOgs-Alginate (11) Activity
comparison with its counterpart photocatalyst

Table 4.3: AQE (%) of different photocatalyst

Alginate based AQE(%0)
Photocatalyst
CdS-Alginate 15.16
rGO-CdS-Alginate 19.51
rGO-CdS-WOgs-Alginate | 21.9
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Figure 4.8: Batch Hydrogen generation from (1) powder photocatalyst (I1) alginate
based photocatalyst

The photocatalytic activity of rGO-CdS-WOgs-alginate and rGO-ZnO-WOs-alginate increases
to 81.8 mmol h™ g™* and 90.63 mmol h™ g, respectively (Figures 4.7 & 4.8). The strong
visible light absorption and low band gap of the organic framework network contribute to the
homogenous dispersion of photocatalyst nanoparticles. Furthermore, the increased surface

area provided more surface reactive sites, which may improve water molecule capture and
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facilitate  photocatalysis of rGO-CdS-WOgs-alginate and rGO-ZnO-WOj3-alginate
photocatalysts. The performance of the alginate-based photocatalyst millisphere was
improved, suggesting that the combination of its counter particle photocatalyst and the
alginate network is good for photocatalytic activity.

Figure 4.9 depicts continuous hydrogen generation using an alginate-encapsulated bead-like

photocatalyst.
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Figure 4.9: Continuous Hydrogen generation at different flow rate for rGO-CdS-WOs-
alginate

The hydrogel-encapsulated photocatalysts were soaked with water maintaning a pre-
adsorption duration of six hours. Inlet flow rate is tested for the effect of the water flow rate
on hydrogen generation. Beyond an initialization period, the curve of evolved hydrogen
generation over time becomes constant and reaches the steady hydrogen generation rate.
Below a critical flowrate, this steady hydrogen generation rate becomes invariant with the
inlet flowrate and reaches almost a constant value 29.16 mmol/hr (Figure 4.9). The average
of the hydrogen generation rates considering different inlet flow rates, for about eight hours
of operation, are plotted, along with the steady hydrogen generation rate. The confined water
trapped into the pores of alginate and on the active sites of the photocatalyst plays a
significant role in a constant rate hydrogen production, below a critical flow rate (above a
critical value of residence time). Upon continuation of the the dynamic adsorption, the
hydrogen generation rate becomes invariant of the inlet flow rate, implying that each of the
bead-like alginate-encapsulated spherical photocatalysts can be treated as a miniaturised

photocatalytic reactor or hydrogen generator. The tuning of the continuous hydrogen
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generation process can be done by modifying the size of the beads and their water retention

capacity, as well as the degree of pre-adsorbed confined water.

In summary, rGO-CdS-WOs-alginate and rGO-ZnO-WOs-alginate milli-spherical bead-like

photocatalysts outperform pristine powder catalyst CdS and rGO-CdS in terms of

photocatalytic activity, hydrogen production, and apparent quantum efficiency. From an

operational standpoint, the addition of alginate enhances the photocatalyst's water retention

capacity and activity, allowing for continuous hydrogen production. Each spherical catalyst

has the potential to function as a miniature photo reactor. The presence of rGO narrows the

band gap, minimises recombination, and boosts photocatalytic activity.

4.12 Activity Comparison

Table 4.4 Comparison of the Photocatalytic activity of different photocatalysts

Name of photocatalyst Source of irradiation Activity Referen
(mmole g™ ce
h™t)
CdS QD-sensitized TiO, photo anode Solar simulator 8.5x10E™ [75]
WO3/g-C3Ny4 Solar Simulator 0.066 [76]
WO3/TiO, Xenon lamp, 350 W 0.105 [77]
WO3/TiO,/rGO Xenon lamp, 350 W 0.245 [78]
ZnIn,S,;-rGO-CulnS, Solar simulator 0.506 [79]
BiVO,-TiO, /IrGO Solar simulator 1.42 [80]
ZnO/CdS 350 W Xenon lamp 1.54 [81]
CdS/NiO HHAs Sunlight 1.77 [82]
WOQO3/ZnIn,S, Xenon lamp, 300 W 1.945 [83]
N doped carbon a (Cj:(;tli (NCQDs) using g- Solar simulator 2.306 [84]
4
Cu,,Se/3% rGO Solar simulator 3.12 [85]
ZnO-graphene Xenon lamp, 300 W 4.35 [86]
ZnO nanoparticle Xenon lamp, 350 W 4.9 [87]
rGO-CdS Solar simulator 55 [88]
WO3;@MoS,/CdS 300W Xenon lamp 8.2 [89]
RGO/Cd0,15Zn0_85In284—Ni2P Solar simulator 14.56 [90]
WO;3/CdS- DETA (Diethylenetriamine) 300W Xenon lamp 15.522 [91]
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WOs-TpPa-1-COF/ rGO Solar simulator 26.73 [92]
g-CsN4/WOs3 Xenon lamp, 300 W 0.963 [93]
rGO-CdS-Alginate Xenon lamp, 300 W 0.5 [94]
) This
Zn0O-WOQO3 Solar simulator 4.43
work
_ This
rGO-ZnO (1:3) Solar simulator 10.46
work
) This
rGO-ZnO-WO3(1:3) Solar simulator 13.29
work
) _ This
rGO-CdS-WOgs-Alginate Solar simulator 81.8
work
) ) This
rGO-ZnO-WOQO3 (1:3)-Alginate Solar simulator 90.63
work
) _ This
rGO-CdS-WOs-Alginate Solar simulator 81.8
work

4.13 Recyclability test (durability) of organic rGO-CdS-WOs-Alginate millispheres
photocatalyst.

The recyclability of a catalyst refers to its ability to be recovered and reused in a
chemical reaction multiple times without significant loss of activity or selectivity.
Catalysts play a crucial role in chemical reactions by reducing the activation energy of
a reaction allowing the reaction to occur, thereby increasing the reaction rate.
Recycling catalysts is environmentally and economically beneficial, as it reduces
waste generation, lowers the cost of catalyst production, and minimizes the need for
continuous catalyst replacement. The recyclability of a catalyst depends on several
factors: Stability of the catalyst, leaching, deactivation, regeneration, reaction
mechanism and support materials.

For catalyst powders, separation by centrifugation or filtering is required, which may
result in metal agglomeration and considerable losses, resulting in lower activity [13].
The photo catalyst’s recyclability was investigated over the course of four successive
cycles. The deactivation of the catalyst happened with the passage of time, as seen in
Figure 4.10-1. Based on six hours of operation, the new catalyst of rGO-CdS-WO3-

Alginate millisphere produced 18.58 mmoles of hydrogen during the first run of
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operation. After 7 days (2nd run), 15 days (3rd run), and 30 days (4th run), the rate of
hydrogen production declined to 18.37 mmoles, 18.02 mmoles, and 17.48 mmoles,
respectively (Figure-10-1). After one month (30 days), rGO-CdS-WOs-Alginate
millisphere photocatalyst loses about 5.92% of its initial activity. Following the

reaction, just a little metal loss is seen.
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Figure 4.10: (1) Recyclability study after 24 hours (11) Photocatalytic activity
comparison of rGO-ZnO-WOg;-alginate with its counterpart powder
photocatalyst
4.14 Cell viability assay of both powder based and alginate based millisphere

photocatalyst.

Solar green hydrogen generation is beneficial for the energy as well as environmental
sustainability sector. The morphology and the composition of the photocatalyst is the
backbone of the performance of the Hydrogen generation. Many studies are already
performed to increase the rate and purity of the Hydrogen by modification of the
photocatalyst. The important parts of a photocatalyst are the heavy metals which take
part actively in the water splitting process leading to the Hydrogen generation. The
heavy metals include Zinc, Cadmium, Tungsten, Arsenic, Lead and Aluminium etc.
All the heavy metal powder photocatalyst has the high risk of heavy metal exposure in
all components of environment including soil, water and air ultimately reach to human
body [95].

One of our used photocatalyst contains Cadmium (Cd) is a naturally occurring heavy
metal found in the Earth's crust widely used in industrial processes, batteries,
pigments, and plastics, making it pervasive in various consumer products. However,

Cd is highly toxic to humans and animals, posing severe health risks when exposure
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occurs as it is known as “long biological half-life”. The accumulation of Cd in the
body can lead to a range of detrimental effects on multiple organ systems. The Cd
exposure (“Itai Itai/ ouch-ouch disease”) occurs through contaminated soil, water and
high risk of inhaling cadmium particles or absorbing it through their skin during work
processes leading to its entry into the food chain. Similarly, Zinc (Zn) is an essential
trace element required for numerous physiological processes in the human body,
including immune function, DNA synthesis, cell division, wound healing, and the
sense of taste and smell. While Zn is vital for overall health, excessive intake of this
mineral can lead to Zn toxicity or zinc poisoning.

Cd is one of the most usage semiconductors (Chalcogenic material) due to its
important direct intermediate bandgap (2.42 eV at 300K), high thermal and chemical
stability, superior optical absorption, and various application purposes. Cd has been
used as photocatalytic material but now a day its usage access has been denied in the
real world due its high toxicity. Several attempt has been taken to minimise its toxicity
level by using different chelating agents like ethylene diamine tetra-acetic acid
(EDTA), dimercaprol, and di-thio-carbamates.

In the present chapter we focused in the alginate encapsulate photo catalyst millisphere
where the organic polysaccharide polymer alginate completely encapsulated the
powder material. Since Food and Drug Administration (FDA) defines food grade
sodium alginate as a GRAS (generally recognised as safe) component in Title 21 of
the Code of Federal Regulations (CFR) and specifies its usage as a stabiliser,
emulsifier, gelling agent and thickener [96-97]. The European Commission (EC)
approved alginic acid and its salts (E400-E404) as food additives.

We had also studied the toxicity of both powder and encapsulated alginate based
photocatalyst by determination of cell viability assay for 72 hours.

The cells were seeded into a 96 well culture plates in MTS(3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide), supplemented with 10% FBS (Fetal Bovine
Serum), 1% antibiotic-antimytotic solution, and 1% NEAA. The MTS reagent was
added to each sample (powder & alginate encapsulated photocatalyst) and incubated
(Thermo Scientific™ Forma™ CO; Incubators) at 37+ 1°C in a 5% carbon di-oxide
atmosphere for 4 hours. The period of incubation was done for a span of three days
(72 hours). The formazan was formed during the period of incubation by the reduction
of the metabolically active cells in the culture medium due to the reaction in the

mitochondria of the living cells by the dehydrogenase enzymes. The 96 well plates are
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taken out from the incubator and the absorbance of the sample was recorded at the
fixed wavelength of 590nm with a 96 well- plate reader (Perkin Elmer Microplate
reader). The number of present living cells can be determined form the absorbance as
it is directly proportional to the number of present active cells.
Absorbance « number of present living cells

After the duration of 72 hours, the cell viability percentage of cell for the alginate
encapsulated photocatalyst is much higher than the powdered photocatalyst. Lower
value of the cell viability assay denotes high toxicity of the photocatalyst. The detailed
cell viability assay percentage of each photocatalyst has been tabulated in the
following Table 4.5.

Table 4.5 Cell Viability Assay percentage of different powder Photocatalysts and
Alginate encapsulated 3D Photocatalysts

CELL VIABILITY ASSAY PERCENTAGE (%)
80
>
603
© 72 hours
4(.5 48 hours
K]
(1]
22 24 hours
]
v
Powder photocatalyst Alginate encapsulated
photocatalyst
Powder photocatalyst Alginate encapsulated
photocatalyst
E 24 hours 14.8 62.4
(48 hours 12.8 58.6
E72 hours 11.3 52.4

4.15 Estimation of Cost of rGO-CdS-WOs-Alginate and rGO-ZnO-WOs-Alginate

The biggest barrier to practical hydrogen generation is operational expense. The US
Department of Energy's Office of Hydrogen and Fuel Cell Technologies is developing
technologies to allow net-zero-carbon hydrogen generation at a cost of $2 per kg by
2025 and $1 per kg by 2030. The cost of producing hydrogen by photocatalytic water
splitting includes the cost of the catalyst as well as the one-time expenditure of
creating the hydrogen generating reactor. The choice and use of the catalyst (rGO-
CdS-WOs-Alginate and rGO-ZnO-WO3) reduces the cost of hydrogen generation

owing to its high reusability up to run 4. The anticipated cost of the synthesised
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catalyst was studied in this respect to underline its economic potential. The Food and
Drug Administration (FDA) defines food grade sodium alginate as a GRAS (generally
recognised as safe) component in Title 21 of the Code of Federal Regulations (CFR)
and specifies its usage as a stabiliser, emulsifier, gelling agent and thickener [96]. The
European Commission (EC) approved alginic acid and its salts (E400-E404) as food
additives [97]. Tables show several components, as well as their estimated number and
cost.

The stirring and drying cost has been calculated using the following equations (4.3):

Instrument power (watt) xtimexunit cost
1000

Stirring, Drying cost = (4.3)
4.15.1 Detailed cost-analysis of rGO-CdS-WO3-Alginate millisphere

Table 4.6 Cost Analysis for hydrogen generation using CdS-rGO-WOs-Alginate milli-
sphere photocatalysts

Chemical Chemicals Approx. Cost (Rs.) Cost (Dollar)
used guantity
Graphite flakes 0.02 g 281.8 3.4
Cadmium 0.05
Sulphide 1.78 0.022
Sodium tungstate 3.806 349.6 4.22
dihydrate
Oxalic acid 1 512.8 6.19
Deionized water 2L - -
CdS-rGO- 1 posphoric Acid 10ml 264.1 3.19
WOs- Hydrogen 10 ml 57.48 0.69
Alginate Peroxide
Hydrochloric 40 ml 13.8 0.17
Acid
Ethanol (for
washing)
Sulphuric Acid 10ml 9.8 0.12
Sodium Alginate 1g 15.44 0.19
Calcium Chloride 1g 27.99 0.34
- - 54.6 unit (30
Electricity Stirring hours) 485.9 5.87
Involved Drying 13 unit (10 hours) 115.7 1.40
Calcination 20 unit (42 hours) 178 2.15
Total 2326.19 28.09
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1 g of the synthesised rGO-CdS-WO3;- Alginate millisphere photo catalyst typically
costs $28.09.
4.15.2 Detailed cost-analysis of rGO-ZnO-WOg3-Alginate millispheres

Table 4.7 Cost Analysis for hydrogen generation using rGO- ZnO-WOs-Alginate milli-

sphere photocatalysts

Chemical Chemicals Apprqx. Cost (Rs.) Cost (Dollar)
used guantity
Graphite flakes 0.02 g 281.8 3.4
Sodium tungstate 3.806 349.6 4.22
dihydrate
Zinc nitrate 89 249.2 1.50
NaCl 15 3.6 0.043
Zn0O- Deionized water 2L 120 1.45
WOs- Phosphoric Acid 10 ml 264.1 3.19
Alginate | irogen Peroxide 10mi 57.48 0.69
Hydrochloric Acid 40 ml 13.8 0.17
Ethanol (for synthesis & 20 ml 12 0.14
washing)
Sulphuric Acid 10 ml 9.8 0.12
Sodium Alginate 1lg 15.44 0.19
Calcium Chloride 1g 27.99 0.34
Stirring 54'ﬁ unit (30 485.9 5.87
- ours)
Electricity 13 unit (10
Involved Drying hours) 115.7 1.40
Calcination 20 unit (42 178 215
hours)
Total 2882.99 35.32

1 g of the synthesised rGO-ZnO-WOs;- Alginate millisphere photo catalyst typically
costs $35.32. The catalyst has high reusability and may be used for 4 runs with only a
5.92 % loss in activity; therefore, the hydrogen generation cost of is majorly reduced
by using the rGO-ZnO-WOs- Alginate millisphere photocatalyst. Thus, that in addition

to being environmentally friendly, resusable and easy separation process, rGO-ZnO-
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WOs-Alginate millisphere catalyst is an ideal choice for producing commercially

feasible hydrogen generation via photocatalytic water splitting.

4.16 Conclusion

+» Synthesis of rGO-CdS-WOs-alginateand rGO-ZnO-WOj3; -alginate millisphere
by a simple ionic cross-linking process having remarkable solar hydrogen
generation of 81.8 mmol g h™* and 90.63 mmol g* h™ respectively through
water splitting in a full-band spectrum of solar irradiation.

++» .The presence of large cavity in the hydrogel results in the high water retention

capcity resulting in the direct interaction with the water and increased HER.

+» Extent of hydration and the time duration of pre-adsorption of water (hydration)
in the photocatalyst milisphere affect the rate of hydrogen generation.

++» Sustainable, continuous hydrogen generation at a steady, constant rate, from
flow reactors.

«+» After the duration of 72 hours, the cell viability percentage of cell for the
alginate encapsulated photocatalyst is much higher than the powdered
photocatalyst. Lower value of the cell viability assay denotes high toxicity of
the photocatalyst.

» Cost analysis of both the alginate based photocatalyst has been forwarded based

*,

on 1 mole of Hydrogen generation.
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Chapter 5

Summary and Future Scopes

Highlights

= Qutcome of the Research
= Future Scopes
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5.1 Outcome of the Research

Photocatalytic water splitting is a promising way to produce Green Hydrogen. In this research
work, attempt has been made to address some of the process bottlenecks namely fast
recombination of hole-electron pair, slow kinetics and low vyield of hydrogen, low water
retention capacity of the photocatalyst, low quantum efficiency those restrict the

commercialization of Photocatalytic water splitting.

The major outcome of the research is the development of three dimensional milli spherical
bead like environment friendly, recyclable, relatively low-cost organic-alginate encapsulated
rGO based heterojunction photocatalysts exhibiting remarkably high activity (more than 80
mmol Gpnotocatalyst - h'™, refer to Table 5.1)) and apparent quantum efficiency. Each such bead
like hydrated photocatalyst acts as a miniaturized photoreactor and produces constant rate of

continuous hydrogen generation.

Here a systematic approach is adopted in this research work. Several nano hybrid powder
photocatalysts (as listed in Table 5.1) namely rGO-CdS, rGO-ZnO, ZnO-WOs, type 1l
heterojunction rGO-ZnO (1:3) -WO3 and Z scheme heterojunction (CdS-rGO-WO3) are
synthesized, characterized and tested for hydrogen generation and compared with pristine
Zn0O, CdS, WO3;. Among these, rGO-ZnO- WOj3 type |1 heterojunction and CdS-rGO-WO;

Table 5.1 Comparative analysis of Activity of different synthesized photocatalyst

Photocatalyst Activity (mmole g h™)
WOs; 2
ZnO 2.57
Zn0O-WO; 4.43
Cds 4.9
rGO-CdS 6.9
rGO-Zn0O 10.46
rGO-CdS-WO3 11.69
rGO-ZnO(1:3)-WO; 13.29
rGO-CdS-WOgs-Alginate 81.8
ZnO-rGO-WO3-Alginate 90.63

150



Z scheme comprising of HEP as well as OEP, exhibiting photocatalytic activity 13.29 and
11.69 mmol gphotocataws{l h-1, respectively under full spectrum of solar irradiation, are further

encapsulated with alginate to develop 3D spherical catalysts.

Incorporation of rGO enhances the activity (mmol gmcat™ h™) of pristine ZnO from 2.5 to
10.4 (at an optimized ratio of 1:3)) and of pristine CdS from 4.9 to 6.9 under full spectrum of
solar irradiation. Incorporation of WO3; with rGO-ZnO(1:3) formation of heterojunction
further enhances the activity to 13.29 and utilization of Z scheme further improve the activity
of CdS-rGO-WO; to 11.6. The strategies of two component heterojunction and solid state
mediator, rGO based Z scheme allow tuning of the band gap for better absorptivity in visible
spectrum, lowering of recombination of photogenerated electron-hole pairs, utilization of
higher redox potential (in Z scheme), minimize photo-corrosion, the aggregation of
photocatalyst and enhance the photocatalytic activity and apparent quantum efficiency of the
synthesized powder like nano-hybrid photocatalyst with respect to pristine photocatalyst. The
mechanism of photocatalysis in presence of type Il heterojunction rGO-ZnO-WQOj3 and solid-

state mediator rGO based Z scheme photocatalytic system CdS-rGO-WOs are also studied.

Further rGO-ZnO-WO; type Il heterojunction as well as CdS-rGO-WO; are successfully
encapsulated with organic alginate hydrogel and 3D mili-spherical beads like catalyst having
very high- water adsorption capacity. The study on water uptake over time of such
encapsulated photocatalyst reveals 97% and 96% equilibrium water uptake at around 12 hrs
time. The encapsulated bead like-photocatalysts are hydrated for 6 hrs prior to the irradiation
and dynamic adsorption of water continues over the 6 hrs period of irradiation. The
encapsulated photocatalyst rGO-ZnO-WOgs-alginate and CdS-rGO-WOs-alginate exhibits
remarkable photocatalytic activity (mmol hydrogen g photocataws{l h™) of 90.63 and 81.8,
respectively under full spectrum solar irradiation. The AQE (under irradiation through 420
nm band pass filter) of rGO-CdS-WOgs-alginate is 21.9%. It may be summarized that among
all the synthesized photocatalyst, alginate encapsulated rGO-ZnO-WOj3 type Il heterojunction
exhibits the maximum phot-catalytic activity under full spectrum of solar irradiation.

Study on continuous hydrogen generation using encapsulated rGO-ZnO-WOgs-alginate
reveals sustainable almost constant rate of generation (35-40 mmol hydrogen g photocata|ys{1 ht
over 10 hrs of irradiation) which is nearly invariant of inlet flow rate of water. It can be
inferred that each 3D milli spherical bead like encapsulated photocatalyst acts as a
miniaturized photoreactor. The recyclability study further reveals ~ 6% loss in activity after 4
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cycles (over 30 days). Thus, metal loss is almost insignificant for encapsulated photocatalyst.
Further, toxicity of powder catalyst especially comprising of CdS is also reduced (as
confirmed by cell viability test). Thus, alginate hydrogel encapsulated photocatalysts are

environment friendly and recyclable.
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Figure 5.1 Photocatalytic activity of different synthesized photocatalysts

Table 5.2 Cost of catalyst for 1 mole per hour Hydrogen production

Catalyst Photocatalytic | Cost(in dollar) of catalyst for 1 mole
Photocatalyst Type activity of Hydrogen generation per hr
Mmol g-1h-1 (Including 4 times recyclability)
rGO-CdS-WQO;3; | Powder type 11.69 575
rGO-ZnO-WO3 | Powder type 13.29 652.5
(1:3)
3D MOF 81.8 85
rGO-CdS-WOs-
) based
Alginate
catalyst
3D MOF 90.63 97.5
rGO-CdS-ZnO-
_ based
Alginate
catalyst
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Cost of catalyst ( inS) for 1 mole of hydrogen generation
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Figure 5.2 Catalyst Cost for different Photocatalyst
Cost Analysis Comparison:

The cost of each photocatalyst shows the expenditure of each catalyst for 1 mole of
Hydrogen production per hour including 4 times recyclability cycles. The results of
comparative cost analysis based on catalyst cost are displayed in Fig 5.2. and Table 5.2. In
case of organic 3D polysaccharide- based catalyst, 1 moles of hydrogen generation cost of
rGO-CdS-WO;-Alginate and rGO-CdS-ZnO-Alginate will be $85 and $97.5, respectively.
Similarly for the powder type catalyst, 1 moles of hydrogen generation cost of rGO-CdS-
WOQO;3-Alginate and rGO-CdS-ZnO-Alginate will be $ 575 and $ 652.5 respectively. Both the
powder and alginate- based catalyst has high reusability and may be used for 4 runs with
minimum loss in activity. Scale up of laboratory scale continuous hydrogen generation set up
with alginate encapsulated heterojunction photocatalyst may lead to commercialization of the

process.
5.2 Future Scopes

The research presented in this thesis aids to synthesize highly efficient recyclable,
environment-friendly hydrogel encapsulated heterojunction photocatalyst exhibiting high
activity and AQE, for continuous hydrogen generation through photocatalytic water splitting.
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Future scopes of this work are

(i)

(i)

(iii)

(iv)

Study on continuous hydrogen generation using 3D encapsulated photocatalyst
and optimization of size and number of catalyst beads and operating variables
Modelling, simulation and optimization of hydration/pre-adsorption of water into
photocatalyst and photocatalytic hydrogen generation

Scale up of the laboratory scale set up and commercialization of Photocatalytic
water splitting based green hydrogen generation process

Study of surface area effect regarding photocatalysts employing Brunauer-
Emmett-Teller (BET) analysis
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Chapter 6

Annexure |

Synthesis, characterization and photocatalytic
performance study of rGO-SnFe,O, photocatalyst

for solar hydrogen generation

Highlights:

= Synthesis and characterization of SnFe,O,4 photocatalyst

= Modification of SnFe,O, photocatalyst by incorporating rGO to obtain
the photoactive rGO-SnFe,O,4 photocatalyst for increasing the yield of
hydrogen production.

= The rGO-SnFe,O4 photocatalyst shows the hydrogen production rate of
2.1428 mmol/g.h under visible light irradiation.
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6.1 Introduction

The overutilization of natural resources by an increasing global human population has given
rise to a huge energy demand, globally, leading to global energy crisis. World economy is
currently dependent on fossil fuels as a source of energy [1]. Emission of greenhouse gases
occurs during the burning of fossil fuels, causing pollution. The necessity for an alternative
form of energy to replace the fossil fuels is of prime concern, in this context. Due to the
higher value of energy per unit mass of hydrogen compared to other fuels [140 MJ/kg],
emergence of hydrogen as an alternative clean source of energy can be seen [2]. Hydrogen
can be produced from both renewable and non-renewable sources. Presently, hydrogen is
derived commercially, mainly by steam reforming of non-renewable sources like fossil fuels
[3]. Pollution occurs during these processes, which has a slow impact on the climate of the
Earth [4]. Water, an abundant natural resource can be used to obtain hydrogen, by
photocatalytic splitting of water. Photocatalytic water splitting is a simple and cost-effective
process. Researches have been conducted on developing oxide semiconductor photocatalysts
for hydrogen production by photocatalytic splitting of water [5]. Amongst these
photocatalysts, TiO, has been quite commonly used as a photocatalyst for photocatalytic
water splitting due to the low cost, photostability and high photocatalytic activity [6].

In recent years, spinel ferrite based nanomaterials (empirical formula MyFe3;xO,4), formed up
of divalent and trivalent metals, like NiFe,O4, CoFe,04, SnFe,O4 etc., have drawn attention
of the researchers. This is because of the ability of these ferrites to absorb the visible
spectrum of light and the ease of recyclability due to the magnetic properties, exhibited
during photocatalytic water splitting [7-10]. SnFe,O, is one such spinel ferrite belonging to
the group of inverse spinels, displaying face-centered cubic (FCC) lattice system [11]. Sn 2p
ions occupy the octahedral sites and Fe 3p ions cover evenly tetrahedron and octahedron
sites, in SnFe,0O4 [11]. However, the efficiency of these ferrites is low due to the rapid rate of
recombination of phootogenerated electrons and holes [12].Doping with impurities like

heteroatoms can be possible solutions to the problem.

Graphene is sp?bonded uniatomic layer of carbon atoms, having exceptional properties like a
very large specific surface area (2630 m? g™*) and a superb electronic mobility (200,000 cm?
V! sh). [13] The band structure of graphene is aligned in such a way that the bonding 7 and
antibonding " orbitals in graphene touch each other at the Dirac point with the Fermi level

positioned between the valence and conduction bands, making it a zero band gap
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semiconductor. The Fermi level in graphene can be shifted by doping of heteroatoms. [14-
16]. Moreover, the functionalization of graphene can effectively promote the synthesis of
graphene based nanocomposites. As a result, graphene can be employed both as a
photocatalyst and a cocatalyst. Multiple oxidation states can be found in the spinel ferrites
(empirical formula MyFe3<0O,4), constituting of various transition metals (M). Due to this
reason, different metal ions can be integrated into spinel crystal lattice, thereby modifying the
structural and catalytic properties. Spinel ferrites can function as photocatalysts, as the optical
band gaps are usually low, absorbing visible range of light. Additionally, the inexpensive
ferrites can be used to replace the expensive noble metal based photocatalysts. [17] The
synergistic effect of reduced graphene oxide on being used as a dopant along with a
photocatalyst can be found in literatures. Previous reports on synthesizing reduced graphene
oxide based spinel ferrite composites exhibited a high photocatalytic activity when compared
to single component MFe,O4 (M=Ni, Co, Sn). [18]

In this work, reduced graphene oxide based ferritic nanocomposite (rGO-SnFe,QOy)
photocatalyst is proposed for hydrogen generation from water. The synthesised
nanocomposites are characterized by using FESEM, EDS, XRD, FTIR, UV-vis absorbance
spectroscopy, PL and XPS. The comparative performance analysis of generation of hydrogen
by water splitting has been performed, between ferritic photocatalyst (SnFe,O,4) and graphene

loaded ferritic nano-catalysts (rGO-SnFe,Qy).

Problem Statement: Synthesis and characterization of rGO based SnFe,O4 photocatalyst to

study the enhanced H; production for rGO incorporating.

6.2 Experimental

6.2.1 Materials and Methods

Graphite flakes, Sulphuric Acid (H»SO,4), Ortho Phosphoric Acid (H3PO,), Potassium
Permanganate (KMnO,), Hydrogen Peroxide (H20,) (30% concentration), Hydrochloric Acid
(HCI), Tetrahydrofuran have been obtained from MERCK, Mumbai, India. Tin Chloride
(SnCly) Ferric Chloride, hexahydrate (FeCl; 6H,O) have been obtained from SIGMA
Aldrich.
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6.2.2 Synthesis of graphene oxide (GO)

Graphene oxide has been synthesized employing Improved method [7]. 3 g of graphite flakes
(1 wt. equiv.) and 18 g of KMnO, (6 wt. equiv.) have been added to a mixture of
concentrated H,SO4/HsPO, (360 ml: 40 ml) and stirred for 8 hour, at 50° C. The reaction has
been terminated by adding 3 ml of 30% H,0,. A yellowish coloured solution has been
obtained. Thus obtained material has been then successively mixed with 200 mL of water,
200 ml of 30% HCI, and 200 ml of ethanol. The resulting suspension has been filtered and

vacuum-dried overnight at room temperature and labelled as GO (Graphene Oxide).
6.2.3 Synthesis of SnFe,;O4

Synthesis of has been done by employing solution based technique that is by hydrothermally.
During synthesis, SnCl,-2H,O (1 mmol) and FeCl3-6H,O (2 mmol) considering a
stoichiometric ratio of Sn/Fe =1:2 have been added and stirred for 2.5 h to form a suspension.
NH4OH has been added dropwise to adjust the pH. The solution has been stirred for about 2 h

and then the solution is transferred in a 50 ml Teflon lined autoclave at 150°C for 24 h.
6.2.4 Synthesis of rGO-SnFe,0,

Stoichiometric amount of iron based precursor salt has been added to ethanol and stirred at
room temperature. Suitable amount of graphene oxide has been dispersed in ethanol with the
aid of an ultrasonicator. Then, these two systems have been added together and stirred. NaOH
solution has been used to modify the pH of the mixture. The mixture has been then stirred for
few more minutes. Then the mixture has been transferred to a Teflon lined autoclave and kept
at 180°C for about 20 hours. After that the mixture has been cooled, filtered and has beenhed

with distilled water. Then it has been dried in a vacuum oven for about 10 hours.
6.2.5 Characterization

The morphologies of the samples are characterized using a Field Emission Scanning
Electron Microscope (FESEM, Carl Zeiss, EVO 18). The image has been taken at an
accelerating voltage of 20 kV. The crystalline structure of the synthesized material has been
studied with X-Ray diffractometer (PAN alytical X'Pert PRO) with Cu Ko radiation. The
UV-vis absorbance spectra of synthesised visible light-active nanocomposite are examined
using a PerkinElmer Lambda 35 UV-Vis spectrophotometer to determine the absorption edge
and band gap energy. To assess the lifetime of the photogenerated charges,
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photoluminescence (PL) spectra are performed using a TRIAX 320 detector (excitation
wavelength: 380 nm). X-ray photoelectron spectroscopy (XPS: AXIS Supra Model with Al K
- 1486.6 eV Dual Al K/ Mg K achromatic X-ray source) is used to examine the defect type,
concentration, chemical state composition, and variation in band structure in the sample. The
Fourier transformed infrared spectra (FTIR) of the synthesised samples to know the chemical
structure are investigated in the range of 400-4000 cm™ by Perkin Elmer

6.2.6 Photocatalytic hydrogen generation

The photocatalytic hydrogen generation has been carried out in a batch type photoreactor.
Tungsten lamp (100 W) has been utilised as the source of light. At first, the system has been
purged with N, for 30 min to remove O, (air). Synthesized photo catalyst then has been
added in the water, inside the photoreactor and the solution has been continuously stirred.
The photocatalytic activity (mmol hydrogen g* h™) of the different photocatalysts is
evaluated from the cumulative hydrogen production versus time data. The evolved hydrogen
gas has been collected by the downward displacement of water, whereas the oxygen has been
trapped using alkaline pyrogallate solution.

6.3 Results and Discussion

6.3.1 Morphological characterization: Field Emission Scanning Electron Microscopy
(FESEM)
Irregular sized particles of spinel ferrite can be seen from Figure 6.1-a. Formation of some

agglomerates can also be seen.

Figure 6.1 (a) FESEM images of SnFe,O,4 and (b) rGO-SnFe,O,, (c) EDS of rGO-
SnFe,O,4 and (d-g) elemental analysis of rGO-SnFe,04
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The clusters of cabbage like nano-sized particles scattered on layer of rGO can be seen in the
Figure 6.1 b. These clusters might have been formed due to the forces of attraction between
the metal oxide nanoparticles. The elemental analysis in Figure 6.1-c and elemental mapping
in Figure 6.1-d to 6.1-g confirms the presence of different element like C, Sn, Fe, O

respectively in the synthesised rGO-SnFe,O,4 photocatalyst.

6.3.2 Crystallinity Study: X-Ray Diffraction (XRD)
The Figure 6.2a shows the XRD pattern of ferritic nano-hybrid material. Sharpened

diffraction peaks indicating the growth of the crystalline material can be observed in the

Figure 6.2a.
a b ' SnFe,0,
rGO-SnFe,0, rGO-SnFe,0,
SnFeZO4
(220)
]
= L7
s (440) ]
> (400) (422) (511) =
£ g
§ (220) =
1= 'g | 565
= g 3316 629
(012) (311) = "
(511) |
1002) (400) (422) (440) 1644
\\
3316
10 20 30 40 50 60 70 80 Y Y : ; : b -
4000 3500 3000 2500 2000 1500 1000 500

20 (d X
(degree) Wavenumber (cm™)

Figure 6.2 (a) XRD of SnFe;0,4 and rGO-SnFe;04, (b) FTIR of SnFe;O4 and rGO-
SnFe, Oy

In the figure 6.2-a the XRD spectra of synthesized rGO-SnFe,O, show several reflections at
20 =23.02°, 26.79°, 32.76°, 35.56°, 43.30°, 53.42°,58.3°, 62.75° with crystallographic planes
of (012), (220), (311),(400), (422), (511), (440) respectively (JCPDS card No0.11-0614)[14-
16]. The diffraction peak at 20 = 25.8° indicating the presence of (002) plane in rGO-
SnFe,0, photocatalysts reveal the presence of reductive graphene oxide and also indicates a
complete reduction of GO by hydrothermal process during the growth of SnFe,0,.

6.3.3 Identification of bonds: FTIR
Figure 6.2-b shows the FTIR spectra of SnFe,O, and rGO-SnFe,O, nanocomposites. The
peak at 3616 cm™ is attributed to the O—H stretching vibration, which corresponds to the
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internal water molecules of the samples. The stretching at 1644 cm™ and 1623 cm™ is due to
the presence of graphitic element. The vibrations at 565 cm™ and 629 cm™ are assigned to the

Sn-O and Fe-O stretchings respectively. [18]

6.3.4 UV-vis spectra and Band gap energy analysis

Figure 6.3-b & Figure 6.3-c to d displays the UV-vis absorbance spectra and Tauc plot
[(ahv)? vs. (hv)] of SnFe,O, and rGO-SnFe,O4 photocatalysts, respectively. In contrast to
SnFe,04, rGO-SnFe,0O4 displays a red shift in the absorption edge in the visible light range,
allowing photo-generated electrons and holes to move more easily. According to studies,
SnFe,04 and rGO-SnFe,0,4 photocatalysts have small band gaps of 2.38 eV and 1.92 eV,
respectively. The increased absorption edge of the rGO-SnFe,O, photocatalyst in figure 5.3-b
is 600 nm, due to the addition of rGO, which changes the forbidden band width of the
nanocomposite and enhances optical absorption performance in the visible light region. Tauc
plots may be used to calculate the band gap (Eg) of photocatalysts using the equation (6.1):
(ahv)? = A(ho — Eg) (6.1)
In this equation, the photon energy is indicated by ‘h’, the absorption coefficient by ‘a’, and
the proportionality constant by ‘A’. According to Tauc plots in figure 6.3-d, the optical band
gap value of rGO-SnFe,O, photocatalysts is decreasing. The band gap of rGO-SnFe,O,
energy has shrunk as a result of the formation of oxygen vacancies, which has accelerated
photo electron transfer under visible light irradiation and improved photocatalytic hydrogen
generation.
6.3.5. Photoluminescence study
The photoluminescence (PL) spectrum may be used to investigate the photo-recombination
rate of electron-hole pairs. At an excitation wavelength of 390 nm, figure 6.3-a shows the
composite PL spectrum of SnFe,O4 and rGO-SnFe, 0, photocatalysts. The intensity changes
in the order of rGO-SnFe,04 < SnFe,04, accordingly. The suppression of the electron-hole
recombination rate is directly related to the decrease in intensity. The lower recombination
rate demonstrates effective charge transfer inside the rGO-SnFe,O, photocatalysts, implying
that rGO primarily accelerates electron transfer from SnFe,O, to rGO, increasing the rate of

hydrogen evolution owing to the photocatalytic performance of rGO-SnFe,O, photocatalysts
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Figure 6.3 (a) PL of SnFe,O4 and rGO-SnFe,04, (b) UV-vis spectroscopy of SnFe,O4
and rGO-SnFe,0, (c) and (d) Band gaps of SnFe,O4and rGO-SnFe,0,

6.3.6 XPS study

XPS has been implemented to investigate the surface chemical states of the rGO-SnFe,O,
photocatalyst. Figure 6.4-a shows the high-resolution Fe 2p spectra of rGO-SnFe,O4
photocatalyst under visible light irradiation that reveals five symmetrical peaks. The
corresponding main peaks at 710.48 eV (Fe 2p3/2) and 722.71 eV (Fe 2p1/2) correspond to +
2 valence state of Fe ions and other two main peaks at 712.36 eV (Fe 2p3/2) and 724.33 eV
(Fe 2p1/2) correspond to + 3 valence state of Fe ions. The satellite peak at 716.06 eV
indicates the confirmation of oxide form of Fe®* and Fe** may be present in the rGO-SnFe,0,
composite. In figure 6.4-b the peaks centered at 486.27 eV and 494.66 eV are assigned to Sn
3ds, and Sn 3dap, respectively, implying that Sn exists primarily as Sn?* In figure 6.4-c the
XPS of C 1s pattern of the rGO-SnFe,O4 composite can be deconvoluted into three peaks at
284.28, 284.77 and 289.66 eV, which can be assigned to the interaction between Fe-C and
Sn-C, hydroxyl (C-0), and carboxyl (O—C=0) groups, respectively.
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Figure 6.4 Core level XPS scan of (a) Fe 2p, (b) Sn 3d, (c) C 1s, and (d) O 1s, (e) survey
scan of X-ray photoelectron spectra (XPS) of the rGO-SnFe,O,4 photocatalyst.

The results confirmed the existence of rGO. The O 1s XPS pattern in figure 6.4-d displayed
three peaks at 529.95, 531.38 and 532.32 eV, corresponding to lattice O (Fe—O, Sn-0), C=0,
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and O-C-O/C-OH bonds, respectively. Figure 6.4-e shows the survey scan of X-ray
photoelectron spectra (XPS) of the rGO-SnFe,O, photocatalyst. The XPS patterns of rGO-
SnFe,04 suggests that electrons transferred from SnFe,O4 to rGO or at the interfaces.
Therefore, SnFe,O,4 has been successfully anchored on the rGO nanosheets.

6.3.7 Photocatalytic activity

The photocatalytic activity of the as prepared sample has been studied under visible light
irradiation. The enhancement of the photocatalytic activity of the graphene-ferritic
photocatalyst (2.1428 mmol/g.h) has been observed while compared to the ferritic

photocatalyst (1.784 mmol/g.h).
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Figure 6.5 (a) Moles of hydrogen evolved for SnFe,O4and rGO-SnFe, 04 (b)
Photocatalytic activities of SnFe,O4and rGO-SnFe,O,

The result suggests that the incorporation of rGO in rGO-SnFe,O4 enhance the visible light
absorption and suppress the recombination of electron hole pairs to enhance the charge
separation, which is demonstrated in the photoluminescence (PL) study. Further
incorporation of rGO, results also in an enhancement of H, production of about 20% which
can be seen from figure 6.5 (a & b).

6.4 Conclusion

7

% The functionalized rGO-SnFe,O4 composite photocatalyst displayed a rise in the

photocatalytic activity when compared with the SnFe,O,4 photocatalyst.
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% The rate of recombination of photogenerated electron-hole pairs is reduced upon

inclusion of an excellent electron transporter like reduced grapheme oxide (rGO).

% This work demonstrated the role of rGO in the enhancement of the generation of
hydrogen.
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ABSTRACT

A Spherical bead like hybrid photo-catalyst rGO-CdS-Sodium Alginate, comprising of water adsorbent
Sodium Alginate, a visible light active semiconductor Cadmium Sulphide and an excellent electron trans-
porter reduced graphene oxide, is hydrothermally synthesized, characterised and tested for hydrogen
generation from water in presence of visible light (45 W LED). Sodium Alginate, a biopolymer, with very
good moisture adsorbing capacity due to the presence of functional groups like hydroxyl and carboxyl,
was used to fabricate spherical beads, which adsorbed and stored the water molecule by intermolecular
hydrogen bonding with the functional groups. Instead of the conventionally used powder photo-catalyst,
spherical beads make the continuous operation of the photo-reactor easier. The toxic and photo-corrosive
effects of CdS were minimized in this process through the encapsulation by rGO-Sodium Alginate.
Reduced Graphene Oxide (rGO), an electron transporter, aided in decreasing the recombination rate of
photo-generated electron-hole pairs. SEM analysis confirms nano-fibrils of Sodium Alginate interspersed
with nano-flowers of CdS on the crumpled up sheets of Graphene. The hybrid photocatalyst exhibits a
lower band gap (2.33 eV) compared to pristine CdS (2.4 eV). The maximum value of the photocatalytic
activity of 6 mmol h™!' g1 is achieved using the hybrid photo-catalyst with the optimum loading, in
absence of any co-catalyst. This rationally designed composite photo-catalyst will bring new insight into
the field of photocatalytic water splitting.
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1. Introduction

slow reaction kinetics, rapid recombination of photogenerated
electrons and holes and low yield of hydrogen [3]. Thermodynam-

With the advent of rapid mechanisation since the 19th century,
the global consumption of fossil fuels has gradually increased [1].
The overutilization of the three primary fossil fuel sources namely
coal, oil and natural gas by an exponentially increasing human
population, leading to the energy crisis and environmental pollu-
tion, is a matter of serious concern. In recent years, Hydrogen
energy has evolved as an alternative source of energy. Photocat-
alytic water splitting is a simple, cost-effective way to the genera-
tion of hydrogen by splitting the most abundant natural resource,
water [2].There are several roadblocks in the way to the process of
photocatalytic water splitting being commercially viable. These are
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E-mail address: kajari.kargupta@jadavpuruniversity.in (K. Kargupta).
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ically, the water-splitting reaction is not favorable (A Gf =
+237.2 kJ/mol).

Honda and Fujishima in 1972 first demonstrated the generation
of hydrogen under UV irradiation using TiO, electrode and Pt coun-
ter electrode in a PEC cell [2]. Since then, the attention of the global
scientific community had been directed towards the development
of a photocatalyst for efficient photocatalytic water splitting. How-
ever, most of the designed photocatalysts were developed using
expensive metals like Platinum (Pt), which significantly increased
the cost of the process [4-8]. In general, wide band gap semicon-
ductors were studied mainly due to their photostability and band-
gap energy [9]. Only a few of these photo-catalysts were able to
absorb visible range of the solar spectrum (that constitutes of
about 43 % of total light energy) for photocatalytic water splitting.
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Cadmium Sulphide Sensitized Crystal Facet
Tailored Nanostructured Nickel Ferrite @
Hematite Core-Shell Ternary Heterojunction
Photoanode for Photoelectrochemical Water
Splitting

1Soumyajit Maitra, 2Arundhati Sarkar, *Toulik Maitra, ‘Somoprova Halder,
Y"Subhasis Roy, 2Kajari Kargupta

'Deparment of Chemical Engineering, University of Calcutta, 92, APC Road, Kolkata,
West Bengal 700009, India.

?Deparment of Chemical Engineering, Jadavpur University, 88, Raja Subodh Chandra
Mallick Rd, Jadavpur, Kolkata, West Bengal 700032, India.

ABSTRACT

Design of composite semiconductor nanostructures with proper band alignment for
efficient charge separation and carrier transport has been at the center of research for
photoelectrochemical water splitting. This work demonstrates the deposition of a NiFe,O,
@Fe,0; core-shell nanostructured film sensitized with CdS to form a ternary
heterojunction for cascade type electron transfer. The hematite nanostructures were
grown by hydrothermal approach through dipping into a solution of Nickel Nitrate
yielded anchoring of Ni?* ions on the outer surface. The films were then annealed at
650 °C for the diffusion of Ni*" ions into the hematite lattice which forms core-shell
NiFe,O, @Fe,0; heterojunction. The films were further sensitized with CdS nanoparticles
deposited by a hydrothermal approach to form the final ternary heterojunction
photoanode. Several different nanostructures were grown and the effect of crystal facet
tailoring was observed on Ni loading and photoelectrochemical performance. The
photoelectrochemical measurements were carried out using a potentiostat under 100
mW/cm? light source (150W Xenon Lamp) with Pt counter electrode and 0.5 M Na,S and
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1. Introduction

Solvothermal phase change induced
morphology transformation in CdS/
CoFe;04@Fe,05 hierarchical nanosphere
arrays as ternary heterojunction photoanodes
for solar water splitting¥

@ Arundhati Sarkar,” Toulik Maitra, Somoprova Halder,?
© and Subhasis Roy (2 *?

Soumyaijit Maitra,
Kajari Kargupta

The design of efficient heterojunction photoanodes with appropriate band alignment and ease of charge
separation has been one of the most highly focused research areas in photoelectrodes. This work
demonstrates the fabrication of a photoanode comprised of CdS sensitized CoFe,O4@Fe,Os hierarchical
nanosphere arrays on a FTO glass substrate and its application in photoelectrochemical water splitting.
The hierarchical hematite nanosphere arrays were grown on FTO substrates by a solvothermal
approach. Impregnation of Co?" was achieved by surfactant-assisted low-temperature solvothermal
phase transformation and a dipping process followed by annealing to form a CoFe,O,@Fe,O3
heterojunction. The effect of pre-annealing of substrates before the second hydrothermal step on Co?*
impregnation was studied along with the choice of the solvent. The fabricated electrodes were further
sensitized with CdS nanoplate-like structures by a hydrothermal method to form a Z-scheme-Type I
ternary heterojunction. The photoelectrochemical properties of the electrodes were analysed by
potential linear sweep voltammetry under simulated solar irradiation (AM 1.5G, 100 mW cm™2) with a
0.5 M NasS and 0.5 M Na,SOs electrolyte. The highest ABPE% observed at 0.59 V (vs Ag/AgCl) was
0.86% for the photoanode comprised of CdS sensitized porous nanosphere arrays formed by
solvothermal Co?" impregnation along with pre-annealing. The fabricated electrodes showed low
sheet and charge transfer resistance as observed from the EIS plot. The nanostructure morphology,
crystal structure, and phase analysis were carried out using XRD, TEM, SEM and FESEM with EDAX.
DFT calculations were carried out to unravel the underlying electronic structure and electron
transport processes at the heterostructure interfaces. We hope to inspire more research on ordered
heterostructures with superior charge transport properties, proper band alignment, enhanced light
absorbance, and charge separation with this work. We also aim to focus on the effect of pre-annealing
and solvent-surfactant pair selection on ion impregnation induced phase transformation in
nanostructures.

years, resulting in a desperate need for new renewable energy
sources to meet humanity’s need for power." Since the demon-

The rise in global temperature and the increase in air pollution
caused due to decades of uncontrolled fossil fuel combustion
have been poised as a severe environmental threat in recent
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stration of the photocatalytic and photoelectrochemical perfor-
mance of TiO, by Fujishima and Honda in 1972, research on
semiconductor nanostructures for efficient solar energy utiliza-
tion to split water into H, and O, has received tremendous
attention.>”® Hematite has so far emerged as one of the most
promising contenders in this field due to its highly desirable
properties like low cost, high abundance, small bandgap
(1.9-2.2 eV), high light absorbance in the visible region, easily
tunable properties, low toxicity, high stability in alkaline media
and a high theoretical STH of 14-17%.°*> However, as good as

New J. Chem., 2021, 45,12721-12737 | 12721
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