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ABSTRACT

Operative solutions in the storage of hydrogen remain the main challenge in achieving an
economy that is solely based on hydrogen. Energy storage, consumption and production are
the fundamental challenges that hinder this development. To date no material has met the
Department of energy requirements for energy storage and due to this; a lot of research has
been undertaken for the development of hydrogen storage materials for on-board
applications. In material based storage of hydrogen, poor kinetics and poor thermodynamics
of developed materials have hindered their progress towards practical applications. As such,
a need for material that will store hydrogen and have favorable kinetics and thermodynamics

1s a priority.

In this work, graphene based nanocomposites were synthesized for hydrogen storage
applications. The primary aim of the work was to synthesize a nanocomposite that will
desorb hydrogen at low temperature. The precursor graphene was synthesized using both the
improved Tours method and the modified hummer’s method. The graphene was reduced
using various reducing methods and the effect of the reduction method on the hydrogen
storage capacity of the material was evaluated. The metal/graphene nanocomposites were
evaluated for hydrogen storage capacity at various pressures. The nanocomposites were then
tested. An economic evaluation of the graphene nanocomposite was conducted to determine

the feasibility of the material.

The characterization done in this work, XRD, FTIR and RAMAN confirmed that the
graphite was successfully oxidized and the graphite oxide was successfully reduced to
graphene. Elemental analysis (XRF, TEM-EDS) confirmed that the calcium and nickel were
successfully incorporated into the graphene matrix. The metal/graphene was charged with
hydrogen at various pressures 5, 10 and 15 bars and a proportional relationship between
increasing pressure and adsorbed hydrogen was established. The hydrogen charged
metal/graphene nanocomposite was then tested using TGA and TPD to test the hydrogen
storage capacity and desorption temperatures thereof. The Ca/graphene desorbed hydrogen
around 150°C, a temperature significantly lower than the one reported in literature. The
Ca/graphene adsorbed 3.99 wt% of hydrogen while the Ni/graphene adsorbed about 2.78
wt% hydrogen. The reducing agent does affect the hydrogen storage capacity of the
metal/graphene. It was found that NHs reduced Ca/graphene took up more hydrogen due to



the N-doping effect of the NH3 which enhances the uptake of hydrogen. The economic

evaluation was also done successfully.
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CHAPTER 1

1. INTRODUCTION

1.1 BACKGROUND & MOTIVATION

The increasing concerns about the security of energy supply due to the depletion of fossil fuels,
has the led the world globally to research alternative energy supplies. Moreover, the impact
fossil fuels have had on the environment have pushed the world into a paradigm shift where
green systems have to be implemented to alleviate and reduce the environmental strains the
world is facing currently (Andersson & Gronkvist, 2019). Fossil fuels have been used in
various sectors and these different sectors have contributed to the environmental issues the
world is facing globally due to the use of fossil fuels (Ruse et al., 2018). The figure 1-1 shows

the greenhouse gas emission by the different sectors.

Annual Greenhouse Gas Emissions by Sector

Industrial
processes

16.8%

Power stations
21.3%

Transportation fuels
14.0% | Waste disposal
I and treatment

‘. 3.4%
Agricultural \
gricultural ., 5%\ Land use and
0,
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~.

Fossil fuel retrieval, 1130/ 10.3% Residential, commercial,
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L
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- 9.1%
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Figure 1-1: Greenhouse gas emission by different industries/ sectors (International energy

agency, 2016)



The increasing concentration of these greenhouse gases on the environment has led to global
warming and climate change (Houghton, 2001). Research around solutions to these issues have
been prioritized and are pivotal in creating a better future for the coming generations.
Legislations and regulations have been implemented to reduce the strain on the environment.
However, these solutions are not long term and they do not deal with the problem head on. As

such, research around alternative energy sources is very important.

Amongst alternative energy sources, hydrogen has been deemed as an alternative source of
energy that can potentially replace fossil fuels for energy supply due to its zero emission and
high-energy content compared to traditional fuels, namely, diesel and petrol (Abe et al., 2019;
Andersson & Gronkvist, 2019). The chemical energy content on a mass basis in hydrogen is
about 142 MJ kg™ and 47 MJ kg™! in traditional fuels such as diesel and petrol (Schlapbach &
Ziittel, 2001). This is almost 3 times higher than traditional fuels; this means a car using
hydrogen fuel can go for a longer distance than traditional cars. The limiting factor in the
application of hydrogen for commercial use has been its storage (Schlapbach & Ziittel, 2001).
Hydrogen occupies a large volume and the storage of it has proved to be challenging. The
storage of hydrogen for commercial purposes is guided by the Department of Energy in the
United States. The DoE sets the standards for material that will be applicable and practical for
on-board application (Energy, 2018). The figure 1-2 shows the DoE requirements and it can be

16 i
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observed on the figure that to date no material has satisfied all on the requirements for onboard

applications.

Figure 1-2: DoE standards for systems, target 2020 (Department of Energy-US, 2020)

The storage of hydrogen has been explored in all the three major phases, gas, liquid and solid.
The storage of hydrogen in purest form, as a liquid and a gas, has been explored extensively
however these methods have proved not to be practical for on-board applications. Hydrogen as
a gas is stored and is compressed in composite tanks at very high pressures (Zheng et al., 2012).
With this technique of storing hydrogen, a lot of money has to be invested in the material of
construction to ensure that the tank integrity is not disturbed at very high pressure (Zheng et
al., 2012). Material of construction such as carbon fiber, high density polymer liner,
temperature sensors and others have to be used, all of this adds to the costs (Barthélémy, 2012;
Hua et al., 2011; Zheng et al., 2012). The composite tanks have to be charged at pressures
ranging from 350 MPa — 700 MPa, these are very high pressure and may pose safety risks and
for this reasons the storage of hydrogen as a gas is not practical when considering the DoE

standards for practical on-board applications (Weidenthaler & Felderhoft, 2011).

High-density polymer liner

Carbon fiber composite

Dome protection

TPRD

Valve
Temperature sensor
Boss

Figure 1-3: Composite tank, side-internal view (Office of energy efficiency, 2019)

Hydrogen as a gas, melts at cryogenic temperatures -253°C. Storing hydrogen as liquid
requires a lot of energy to keep the hydrogen as a liquid at -253°C. This technique has a high
requirement for energy and this is very expensive and costly (Schlapbach & Ziittel, 2001). The
storage of hydrogen as a solid is the only viable method when considering practical on-board

applications. The storage of hydrogen as a solid is mainly in two parts: chemisorption material
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and physisorption material (Barghi et al., 2014). Chemisorption material form a chemical bond
with hydrogen and require high temperature to release the hydrogen. Physisorption material
form a physical bond with hydrogen and requires low temperature to break the bond and release
the hydrogen (Barghi et al., 2014). A lot of solid state hydrogen storage materials have been
considered and studied, however to date no material has met the requirements of the DoE for

practical on-board applications.

1.2 PROBLEM STATEMENT

The heavy use of fossil fuels and its negative effects on the environment have pushed the world
to a point where green methods have to be implemented. Environmental issues like global
warming and acid rain are direct consequences of utilizing fossil fuels, thus cleaner sources
such as hydrogen are gathering a lot of attention as replacement sources of energy (Houghton,
2001). However, storing hydrogen in a manner that meets the DoE standards has been the
hindering factor in the application of these materials because hydrogen has a large volume.
When considering the DoE standards for on-board applications, solid state storage of hydrogen
has gained favorable attention due to safety and less cost implications compared to storing

hydrogen in its purest form as a gas and liquid (Energy, 2018).

A lot of studies and a lot of material have been synthesized for hydrogen storage. Materials
such as MgH2 (a chemisorption material) have been reported to have very high hydrogen
storage capacity that meet the department of Energy’s requirements, however the kinetics of
these materials would not meet the requirements (Liang et al., 1999). This is mainly because
these materials are thermodynamically stable and form a strong bond with hydrogen and during
dehydrogenation high temperatures ranging from 250-300 °C would be needed to release the
hydrogen (Xiong et al., 2005a) (Liang et al., 1999). A lot of metal hydrides/materials that had
promising hydrogen storage capacity had the same issue, where a material would have high
hydrogen storage capacity but would require a high temperature to release the hydrogen
(Barthélémy, 2012). These temperatures are often outside the requirement of the DOE for on-
board applications. A lot of solutions have been developed and applied in an effort to
destabilize these materials such as catalysis, ball milling, thin films and alloying (Abe et al.,
2019; Andersson & Gronkvist, 2019; Bououdina et al., 2006a; Xiong et al., 2005a). Some of
these techniques have successfully destabilized chemisorption material, however, they still do

not the meet the standards of the DOE for practical on board applications.



Physisorption material have also been developed and explored for hydrogen storage
applications due to their fast kinetics (Nijkamp et al., 2001). However the main issue with these
materials, is their low hydrogen storage capacity which does not meet the requirements of the
DOE. In clear terms, hydrogen has been deemed as a clean source that can potentially replace
traditional fuels (diesel and gasoline) however the storage of it has been an issue (Jhi et al.,
2004; Nijkamp et al., 2001). The storage of hydrogen as a gas and liquid add costs, pose safety
risks and has large energy requirements. With solid state storage of hydrogen, chemisorption
material have kinetic issues while physisorption material have low hydrogen storage capacity
(Schlapbach & Ziittel, 2001). As a result, to date no material meets the DOE standards for

practical on-board applications.

1.3 OBJECTIVES

Based on the problem statement description, the aim of this project is to develop a material for
hydrogen storage. A graphene based nanocomposite was developed for hydrogen at low
temperature. The specific steps that were taken in fulfillment of the objectives of this project

are described below in point form:

To fulfill the aim of this research project, the below objectives were followed
e Synthesis of nano metals for hydrogen storage system
e Development of nano metals — graphene system as hydrogen storage material
e Characterization of the synthesised material
e Laboratory assessment of the storage systems

e Economic analysis of the developed hydrogen storage system



1.4 CONCEPTUAL MODEL FOR PROPOSED OBJECTIVES
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Figure 1-4: Conceptual model for proposed objectives

1.5 DEMARCATION AND LIMITATIONS OF THE RESEARCH
INVESTIGATION

The work presented herein is constrained to the development of metal graphene
nanocomposites using the modified hummer’s method and the improved tours method. Various
reductants were utilized to reduce graphite oxide to precursor graphene on the synthesis of
metal graphene. The metal graphene is charged with hydrogen and subsequently tested. An
economic study of this material is studied and explored. However the main focus of the study
is to develop a metal on graphene nanocomposite that takes up hydrogen for on-board

applications.

1.6 CONTRIBUTION OF THE STUDY TO EXISTING LITERATURE

The contribution of this master’s research in the existing work done around hydrogen storage

are two journal publications and a book chapter. Two other manuscripts are in preparations. In




one of the published journals, a novel metal graphene (Ca/graphene) nanocomposite was

synthesized. This work was published in Catalysis Today.

1.7 PLAN OF DEVELOPMENT

This dissertation is comprised of eight chapters, described herein below:

Chapter 1:

This chapter gives a brief introduction into hydrogen storage as a research field and clearly
points out the issues and gaps available that motivated the research undertaken. Furthermore,
the contributions of this work to existing literature were highlighted and the scope of the

research was outlined clearly.

Chapter 2:
This chapter gives an extensive idea of the hydrogen economy, specifically hydrogen storage.
Hydrogen storage material such as graphene were discussed. Furthermore, the kinetics and

thermodynamics of hydrogen storage materials are also discussed with equations.

Chapter 3:
The synthesis method of graphene of graphene was explored. The two synthesis methods
discussed in this method are the Improved Tours Method and Modified Hummers Method. The

characterization techniques used and the results thereof were discussed as well.

Chapter 4:
The synthesis of Ca/graphene and Ni/graphene nanocomposite was discussed in this chapter.
The characterization and results thereof of these nanocomposites was also discussed

extensively.

Chapter 5:
The metal-graphene nanocomposites synthesized were charged with hydrogen at various
pressures and then characterized thereafter. The results obtained were then discussed

extensively.



Chapter 6:

The effects of reduction of graphene using different reductants were evaluated in this to
determine whether the reductant used on the support graphene has any effect on the hydrogen
storage capacities of the graphene nanocomposites synthesized. The effects of the reductants

was only evaluated on the Ca/graphene nanocomposite.

Chapter 7:

The reaction mechanism of the metal graphene nanocomposite was discussed in this chapter.

Chapter 8:
The last chapter of the dissertation explored the economics of the synthesized metal-graphene
nanocomposites, as per the requirement of the Department of Energy in the US that sets the

standard for practical applicable hydrogen storage materials for on-board applications.
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CHAPTER 2

2. LITERATURE REVIEW

The prolonged reliance of mankind on energy primarily derived from fossil fuels has led to
global environmental issues such as global warming (Patchkovskii et al., 2005). Combustion
of fossil fuels over the past decades have contributed to a vast percentage of all greenhouse
emissions globally and a significant portion to air pollution. This has incited a serious search
and innovation of environmentally friendly and renewable energy sources. Renewable energy
sources such as sea waves, tidal, sun, wind and biomass are explored as possible alternatives
(Andersson & Gronkvist, 2019; W. Liu et al., 2018; Navlani-Garcia et al., 2018). However
hydrogen has garnered attention as a cleaner source of energy due to its increased energy
density and minimized emissions to the environment. Hydrogen contains higher chemical
energy per mass compared to current traditional fuel, it contains high energy content by weight
than gasoline, it combusts rapidly than gasoline and is significantly less energy dense than
gasoline (Schlapbach & Ziittel, 2001). However the key driver or success of applied hydrogen

energy lies in appropriate hydrogen storage mechanisms which remain unsolved.

Conditions practical for hydrogen storage application include high hydrogen capacities,
moderate temperature (0°C-100°C) and pressure <100 atm amongst others (Energy, 2018).
Solid state storage of hydrogen therefore is the viable alternative (Weidenthaler & Felderhoff,
2011). In this regard metal hydrides have been a subject of intensified research due to several
reports of high hydrogen capacities however the downfall with these materials lies in their slow
kinetics and uncomplimentary thermodynamics. Application of hydrogen storage materials
relies on the improvement of thermodynamics and kinetics of these materials which
subsequently leads to a deeper understanding of the kinetic mechanisms (Bououdina et al.,
2006b; Xiong et al., 2005b). Kinetic mechanisms allow a better understanding of the intricate
space and time related factors which include, morphology, hydrogen pressure, temperature,
catalyst and the defects. Closer inspection of hydrogenation and dehydrogenation performance
of hydrogen storage materials using kinetic models is an efficient approach to understand its
kinetic mechanisms. A list of kinetic models such as Ginstling-Brounshtein, Jander model and

corresponding models such as the Kissinger method, Sharp and Jones have all been explored
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in an effort to establish appropriate hydrogen storage materials (Ginstling A, 1950)(Chaudhary
etal., 2015; Crank 1916-, 1975).

However these kinetic models do not accurately define the hydrogenation and dehydrogenation
reactions of hydrogen storage material due to existing issues; such as difficulty in deriving
steps for the kinetic models and explaining the assumptions adequately, and in addition; new
detailed models have not yet been introduced in hydrogen storage materials. Chaudhary et al.
described the vitality of hydrogenation and dehydrogenation kinetics rates with respect to rate
of charging and discharging of stored hydrogen and the importance of maintaining the power
needed for such (Chaudhary et al., 2015; Crank 1916-, 1975). In addition Ley et al discovered
that intrinsic factors such as equilibrium hydrogen sorption, chemical and physical behavior of
materials and cycling stability and extrinsic factors such as morphology and heat transfer all

affect kinetic characteristics (Ley et al., 1996) .

On the other hand, thermodynamic factors also play a crucial role in optimizing hydrogen
storage systems. Properties such as temperature and pressure greatly influence the performance
of hydrogen storage materials. Avdeenkov et al. developed a thermodynamic model for carbon
nanostructure which took into account the inhomogeneity and non-ideality of absorbed
hydrogen molecule (Avdeenkov et al., 2015). Callini et al. reported that computational
modelling plays an important role in understanding the thermodynamics and kinetics of solid
state material (Callini et al., 2016). Computational modelling can be used to define intricate
experimental observations, to dope materials with different metals that will give optimized

thermodynamics and kinetics (Callini et al., 2016).

2.1 HYDROGEN STORAGE MATERIALS

The Department of Energy in the United States of America releases hydrogen storage
system targets every five years, which should be adhered to. The targets include amongst
others cycle life, volumetric and gravimetric capacities, costs, refilling time and so forth.
Hua et al. defined the volumetric capacity as the amount of gas in a given volume and
gravimetric capacity as the amount of electricity given off by a specified weight of fuel
(Energy, 2018). These two requirements are considered closely with cost and on board
system efficiency. To date no material has met the DoE standards for 2015 and 2020.
Figure 2-1 1 shows the 2015 targets and Figure 2-2 shows 2020.
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Figure 2-2: Hz storage capacity of common materials with respect to temperature

(Department of Energy-US, 2018)

The storage of hydrogen is a vital enabling advancement in the hydrogen economy and the
development of hydrogen based economy, as such, this topic has attracted a lot of attention
amongst researchers. The storage of hydrogen is either physical based or material based. The

figure below depicts the classes of technology and materials under each storage method.
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Figure 2-3: Classification of hydrogen storage materials (Energy Office, 2019)

2.1.1 Physical based storage of hydrogen

The physical based storage of hydrogen is the purest storage and the most common method of
storage for hydrogen. The physical storage of hydrogen is done as either a gas or a liquid. These
technologies have been extensively researched, improved and applied (Eberle et al., 2009). The
gaseous storage of hydrogen typically requires composite tanks that withstand high pressures
that range from 5 000 to 10 000 psi (Schlapbach & Ziittel, 2001). The storage of hydrogen as
a liquid is done at cryogenic temperatures, which is the boiling point of hydrogen at -253 °C
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(Schlapbach & Ziittel, 2001). A lot of energy is needed to maintain this temperature and keep
hydrogen a liquid. Specifically NASA has commonly utilized liquid storage of hydrogen in the

aerospace industry.

2.1.2 Gaseous Storage of hydrogen:

Compressed tanks and hollow spheres have been used for the gaseous storage of hydrogen.
However, these materials are not practical when we consider the requirement by the
Department of Energy for onboard applications (Energy, 2018). The key areas that make these
technologies unsafe are kinetics, finances and safety risks. As such, material based storage has
been researched intensively in this regard. In composite tanks, the hydrogen is stored at very
high pressures and this means that a lot of money has to be invested on the material of
construction to ensure that the integrity of the tank is not disturbed (Eberle et al., 2009). Though
composite tanks are used commercially, their unsafety has prompted the need to search for
more safe and reliable storage methods (Weidenthaler & Felderhoff, 2011). The figure 2-4

depicts a cross sectional area of the composite tanks and the material of construction thereof.
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Figure 2-4: Cross sectional area of a composite tank used for hydrogen storage (von Helmolt

et al., 2007)
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2.1.3 Liquid Storage of hydrogen:

The storage of hydrogen in the liquid state is to cool down to cryogenic temperature at about —
253 °C (Jiang et al., 2010)s. Liquid hydrogen is mostly utilized in application that demand high
levels of purity. The maintenance of liquid hydrogen requires extra economic investment to
maintain the hydrogen at cryogenic temperature and a complex technical to do this.
Furthermore, the tanks that store liquid hydrogen have to be efficiently insulated in order to
prevent the hydrogen from evaporating due to either conduction, convection, or radiation (Jiang
et al., 2010). Liquid hydrogen however is report to have a higher energy density compared to

gaseous hydrogen.

Various other techniques are used to store hydrogen as a liquid, such as sodium borohydrides
solutions and rechargeable organic liquids (P. Hu et al., 2016; Nakamori et al., 2008).
Borohydrides solutions have been researched because they allow for safe and controlled on-
board regeneration of hydrogen. However, in the whole hydriding process NaBO2 must be
regenerated back to sodium borohydrides off board (Nakamori et al., 2008). This step may add
extra costs and complicates the process when considering materials for practical on-board

applications. The following reaction below is the ideal hydriding reactions:

NaBH4 (1) +2H20 (1) —————» 4H2(g) + NaBOz2 (s)

Rechargeable organic liquids are used to store hydrogen indirectly.
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Figure 2-5: Liquid storage of hydrogen (Kennedy Space Center Cryogenic Test Laboratory,
2019)
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2.1.4 Material Based storage of hydrogen

Material based storage of hydrogen in different materials as a solid has a wide range of
possibilities to meet the requirements of the Department of Energy requirements. This is
because storage in solid materials can reach volume and mass densities that acceptable as per
the requirement of the DoE (Energy, 2018). The research surrounding hydrogen storage
material is still wide open, because to date no material meets the requirements of the department
of energy. Solid-state materials have to meet specific requirements to be utilized in the
development of hydrogen storage technology for on-board applications (Bououdina et al.,
2006b; Weidenthaler & Felderhoff, 2011). The key important factor is that these solid-state
materials have to preserve its performance in terms of the total hydrogen capacity and the
kinetics. The reaction of the solid-state hydrogen storage material with hydrogen has to be
reversible even after the hydrogenation and dehydrogenation runs (Weidenthaler & Felderhoft,

2011)s. A lot other considerations have to be taken into account.

Either in solid-state materials, the hydrogen stored on the surface of these materials through
adsorption (physisorption) or absorption (chemisorption) (Barthélémy, 2012). In
physisorption, the hydrogen is bonded to the surface of the material as either a hydrogen
molecule or hydrogen atoms through weak Van der Waals forces (Heine et al., 2004). In
chemisorption, the hydrogen molecule is dissociated on the surface of the material into
Hydrogen atoms and the hydrogen atoms are then incorporated in the lattice framework of the
surface of the material (Barghi et al., 2014). Solid-state hydrogen storage materials are
distinctly categorized according to these two classes. The figure 2-6 shows the chemisorption

and physisorption process.
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Figure 2-6: Physisorption and chemisorption (Adapted from Li et al., 2019)

In this work, physisorption material such as graphene was used as support and incorporated
with different metals. Physisorption materials generally have a low hydrogen capacity but the
kinetics of these materials is much faster compared to chemisorption material (Shams & Zhang,
2015). In an effort to improve the hydrogen capacity of these materials, various metals are

incorporated to the graphene matrix. These materials are then referred to as hybrid materials.

2.2 GRAPHENE FOR HYDROGEN STORAGE

GRAPHENE BASED MATERIALS

Graphene, a 2D carbon allotrope that is positioned in a sp>-bonded aromatic structure, has
attracted a lot of attention for hydrogen storage application due to its low weight, cost and
ability to be synthesized in large quantities (Venkatesan et al., 2015a). This two dimensional
material configuration is formed by covalent bonds that are distributed on the hexagonal
honeycomb lattice (M. Wang, 2012). Apart from this, graphene has intriguing properties which
have made them applicable in these fields: energy storage, sensors, electrodes, field effect
devices, nanocomposites and solar cells(M. Wang, 2012). The figure 2-7 the graphene 2D

structure in sp? bonded aromatic structure.
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Figure 2-7: sp? Graphene sheet
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The large surface area of graphene (2630 g?m) is tremendously beneficial for hydrogen
storage. The interaction of graphene systems is based on instantaneous dipole-dipole induced
forces because hydrogen is a non-polar molar(Pumera, 2011). A number of theoretical studies
have been undertaken to explain the adsorption of hydrogen on the surface on graphene
material and give more information on the pathway experimentalist need to take(Pumera,
2011)These studies have shown that the spatial distribution of adsorbed hydrogen on the
surface of graphene is delocalized and that molecular hydrogen exhibits unrestricted lateral

movement(Pumera, 2011).

2.2.1 Synthesis of graphene, graphene oxide and reduction thereof

The synthesis of graphene has been reported by different researchers and many methods have
been reported on the exfoliation of graphite to graphene. The methods can be segregated to two
main groups which are the top-down approach and bottom-up approach(Shams & Zhang,
2015). The top-down approach simply looks into breaking graphite layers to graphene while
the bottom-up is the direct synthesis of graphene from carbon sources (Shams & Zhang, 2015).
The most common and conventional methods of production of graphene come from the top-

down approach method like the reduction of graphite oxide to graphene.
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Figure 2-8: Top-down approach and bottom-up approach
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2.2.1.1 Top-down Approach methods

2.1.1 Reduction of graphite oxide

The chemical reduction of precursor graphite oxide has been the most conventional and widely
utilized method for the synthesis of graphene. This is due to the large production of graphene
through this method. Graphene attained through this method is reportedly suitable for
applications such as sensors, polymer fillers, battery electrodes, conductive paints and inks,
energy storage, supercapacitors and so on(Choi et al., 2010; Shams & Zhang, 2015). Various
methods have been reported on the oxidation of the precursor graphite oxide such as Modifies
Hummers method, Brodie’s method, Staudenmaier etc. (Poh et al., 2012). In these methods
oxidants such concentrated sulphuric acid in conjunction with phosphoric acid, potassium

permanganate and nitric acid are used (Poh et al., 2012).

Improved versions of these methods were also reported. Marcano et al. reported on a method
that oxides the graphite better through increasing the potassium permangate and eliminating
the nitric acid from the method (Marcano et al., 2010). Graphite oxide exfoliated through ultra-
sonication results in the material being electrically insulative and thereby has to be reduced to
restore its conductivity (Marcano et al., 2010). In that regard, graphite can be reduced either
through chemical treatment or thermal treatment. The fast heating rate during the reduction
process is the reported reason behind high yields of dispersed of carbon powder that are
obtainable with this method. Various reductants such as hydrazine, hydroquinone,
hydroxylamine, pyrrole, ammonia etc. have been used. Green reductant and less harmful
reductants such as L-Ascorbic acid, coconut water, lemon juice, vinegar etc. have been reported
also been reported. Recently, a novel reductant was reported by Gurunathan et al(Gurunathan
et al., 2016). In this method, biomass obtained from lysogeny broth bacteria was used. The
bacteria was nurtured for 21 hours at 37°C(Gurunathan et al., 2016). The subsequent graphene

obtained had a high density of surface defects and it was of low purity.

2.1.2 Pyrolysis of graphene

The pyrolysis method has been deemed as a low cost method in which graphene can
functionalized in low temperature. Furthermore graphene can be easily fabricated however the

final graphene product comes with impurities in it and a large number of defects (Shams &
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Zhang, 2015; Speyer et al., 2018). In the pyrolysis method, sodium and ethanol are used at a
ratio of 1:1 and are heated for 72 hours to obtain the solid solvothermal product which is the
precursor graphene (Speyer et al., 2018). The solvothermal product is then pyrolysed, washed
with deionized water and then vacuum dried (Speyer et al., 2018). This method yields
approximately 0.1 g per 1 ml of ethanol that has been utilized (Choucair et al., 2009).

2.1.3Mechanical Exfoliation

The mechanical exfoliation method is the most eminent method for producing high quality
single layer graphene. This method is the first recognized method of producing graphene
reported by Geim et al. (Geim & Novoselov, 2007). In this method graphite, which is a stacking
of mono-atomic graphene layers by weak Van Der Waals forces with interlayer bond energy
and distance of 2 eV/nm? and 3.34 A, is exfoliated to give single layer graphene sheets (Geim
& Novoselov, 2007). An external force of 300 Nn/um? is needed during exfoliation to divide
the graphite to graphene layers (Bhuyan et al., 2016). The uneven thickness of the graphene
layers obtained by this method and high production cost render this method unattractive for

mass production of graphene.

2.1.4 Sonication

In this method, ultrasonic energy is utilized to segregate the graphene layers that make up
graphite. Sonication produces high quality graphene flakes and graphene produced through this
method can be utilized in the field of transparent electrodes, sensors and polymer fillers
(Hernandez et al., 2008; Jayasena & Subbiah, 2011; Mittal et al., 2015). However this method
requires a lot of energy because sonication is the only source of energy and this issue may pose
challenges when considering scaling up. A simple adjustment of the sonication is using a
solvent to aid the process. The addition of the solvent in sonication process is utilized in
different process to integrate graphene in composites and polymers such as vacuum filtration,
drop casting, spray coating and solvent casting (Hernandez et al., 2008). Graphene is attained
from graphite using the sonication process using a solvent NMP or TEA (Hernandez et al.,
2008). The graphene obtained with the aid of a solvent has a yield of up 5% with an electrical
conductivity of about 5000 S.m™".
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Furthermore about 70% of the graphene obtained in this manner is 1 nm thick in size (W. Sun
& Wang, 2014). When a solvent is used in the sonication process dispersing agents or
surfactants are used to stop the graphene layers from re-stacking together again due to the weak
Van Der Waals forces (Shams & Zhang, 2015). The sonication process aided by a solvent was
used in the synthesis of a 3D hydrogel used as a support for BOD biosensor and microbe
immobilization by Liu et al (L. Liu et al., 2015). In this process, the GO suspension was mixed
with a neutral red solution and sonicated for 10 minutes and the solution was kept at 180 °C for
5 hours in an autoclave (L. Liu et al., 2015). The resultant hydrogel was dialyzed before
characterization. Most of the graphene sheets obtained in this technique are conductive and
transparent, as such this method has potential in solar panels and optoelectronics (L. Liu et al.,

2015).

2.2.1.2 Bottom-up Approach

2.2.1 Chemical Vapour Deposition

Chemical vapour deposition has been widely reported because of its ease of scalability and its
practicality. This method decomposes biomass material and hydrocarbon gasses such as
hexane, ethylene etc. to cultivate graphene sheets on metallic catalysts at high temperatures
ranging between 650 °C to 1000 °C(Bhuyan et al., 2016). The graphene layers produced via this
technique are high quality with low defects, they have a large surface area, are highly
interconnected and are less than 75 cm (Min et al., 2014). This technique has been successfully
utilized to synthesize nitrogen doped graphene, carbon nanosheets, boron-doped graphene and

carbon nanofibers (Gilje et al., 2007; Reddy et al., 2010).

Chemical vapour depositions works by integrating and depositing volatile gas molecules in a
reaction chamber where the material forms on the surface of the substrate while the unwanted
gases are purged out (Bhuyan et al., 2016; Shams & Zhang, 2015). There are two main steps
in the CVD process that are undertaken to form graphene films. The first step is the pyrolysis
of the of the precursor material to form carbonaceous material on the surface of the substrate
(Bhuyan et al., 2016). The pyrolysis step of the material on the substrate in this method prevents
the formation of carbon clusters. High heat and a catalyst are essential in the carbon bond
segregation step due to the high amount of energy required to break carbon bonds (C-H 413
kJ/mol, C=C 347 kJ/mol, C=C 839 kJ/mol and C-C 347 kJ/mol) (Bhuyan et al., 2016).
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Figure 2-9: Chemical vapour deposition method (Adapted from ATL CVD Extreme Coating

Solutions)

The second step in this process is the assembly of the dissociated carbon atoms onto a substrate
in the presence of a catalyst (Bhuyan et al., 2016). This step is also heat intensive and forms a
single layer structure on the substrate. Copper is known as a substrate that produces high quality
graphene. The carbon atoms bond with the copper substrate and this provides a strong carbon-
substrate interaction and this allows the single layer graphene to be easily formed (Bhuyan et
al., 2016; Min et al., 2014). Graphene with fewer surface defects can be produced through
treating the copper substrate. This treatment on the substrate rearranges the surface morphology
of the substrate-catalyst (Min et al., 2014). The other CVD is referred to the plasma enhanced
method where plasma assisted growth is introduced. Woehrl et.al. synthesized graphene using
plasma assisted growth CVD (Woehrl et al., 2014). In the method, a hydrogen and methane
gas mixture was used on a copper substrate. The graphene samples were then transmitted onto
Si0: substrates (Woehrl et al., 2014). The single layer graphene attained contained some
defects but it was of good quality. Bekduz et al. synthesized a defect free graphene using the
plasma assisted growth method (Bekdiiz et al., 2018). In this work, high quality copper foil
was electropolished at 0.7 A for 1 min and 30s in an o-phosphoric acid solution. The foil was
then dipped in deionized water and ethanol for a minute and blow dried with nitrogen (Bekdiiz
et al., 2018). The introduction of the sacrificial copper foil prevented the unintended vertical
growth of graphene and the ion acceleration towards the substrate was avoided (Bekdiiz et al.,

2018).
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2.2.2 Epitaxial Growth
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Figure 2-10: Epitaxial growth on a single crystalline substrate (Adapted from Yu et al., 2011)

Epitaxial growth is the deposition of a single crystalline substrate on a single crystalline
substrate that produces an epitaxial film(Bhuyan et al., 2016). The epitaxial growth of graphene
on a single crystalline silicon carbide surface is one of the most popular method of graphene
synthesis.

The epitaxial growth has two main processes: hetero-epitaxial growth and homo-epitaxial
growth. Hetero-epitaxial growth is when the film deposited on the substrate is different to the
film and homo-epitaxial growth is when the film deposited on the substrate is of the same
material (Bhuyan et al., 2016).The graphene is prepared through the thermal decomposition of
silicon carbide, a hexagonal substrate, at temperatures ranging from 1200-1600 °C under inert
conditions or under vacuum (Mishra et al., 2016). The high temperature treatment on the silicon
substrate causes the silicon to sublimate, this causes the excessive carbon atoms to separate and
formulate an sp® hybridized network which engenders the graphene grown on the substrate
(Gupta et al., 2014; Mishra et al., 2016; Riedl et al., 2010). The growth rate of graphene on the
face depends on the polar silicon carbide crystal face (Mishra et al., 2016). Graphene grows
more rapidly on the carbon face than on the silicon face because on the carbon bigger domains
of rotationally disordered, multi-layered graphene are produced (Gupta et al., 2014; Riedl et

al., 2010). The ultra-high vacuum annealing on the silicon face leads to small domains and thus
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the slow growth rate of graphene (Van Bommel et al., 1975). The graphene produced through
the epitaxial growth on silicon carbide substrate lacks homogeneity however it is ideal to be
utilized for electrical applications, in transistors and circuits, because the graphene films are
very thin and are good for such applications (Gupta et al., 2014; Riedl et al., 2010). The silicon

carbide substrate influences the carrier density of graphene, thickness and mobility.

2.3 GRAPHENE NANOCOMPOSITES

Nanocomposites, where nanocatalysis and nanostructure are combined, are the next research
advancement of high performance of hydrogen storage materials. These materials have distinct
functionalities due to the shorten diffusion distance, increased surface area and the multiplied
grain boundaries(M. Wang, 2012).Graphene, graphene nanocomposites and its derivatives
depict a promising potential for different applications such as automotive industry, aerospace,
electronics and green energy. This is because graphene has intriguing thermal, mechanical and

electrical properties(Bindumadhavan et al., 2013; M. Wang, 2012; Zhou & Szpunar, 2016).

A lot of studies have been done with graphene and nanocomposites thereof for the practical
application in on-board application (Bindumadhavan et al., 2013; Ngqalakwezi et al., 2019;
Pumera, 2011; Zhou & Szpunar, 2016). Graphene nanocomposites can be synthesized using
various techniques. These include the self-assembly technique, solution mixing, sol-gel
method, hydrothermal or the solvothermal method and other methods(C. Hu et al., 2013).
Graphene nanocomposites have been preferred for hydrogen storage application mainly
because of their light weight characteristic. Weight of the material is an important factor when
considering the practical applications for hybrid cars according to the DoE standards. Graphene
alone is a physisorbent material and does not take up a lot of hydrogen however its kinetics are
interesting (Abe et al., 2019; Heine et al., 2004; C. Hu et al., 2013; Kartick et al., 2013; Ruse
et al., 2018). The incorporation of metals on the graphene matrix enhances the functions of the
system and improves the hydrogenation of this material to make it more appealing for practical
use in hybrid cars (Nagar et al., 2017; Schniepp et al., 2006). Various metals have been used
in this regard to improve the hydrogen uptake of the graphene nanocomposite. Zhou et al.,
synthesized a Ni/graphene nanocomposite and a Pd/graphene nanocomposite(Zhou et al.,
2016). Ngqalakwezi et al. synthesized a novel Ca/graphene nanocomposite(Ngqalakwezi et al.,

2019). The graphene nanocomposites can be used and applied in different industries for
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hydrogen generation in the electrolysis process, in the photo degradation of pollutants, energy

storage and other applications.

Furthermore, nanomaterials permit favorable charge, mass and heat transfer, these are added
advantages when considering practical application of these materials for on board applications
(Heine et al., 2004; Hummers & Offeman, 1958; Schniepp et al., 2006). In addition,
nanomaterials assist in dimensional alteration of particular phase transitions and chemical
reactions (M. Wang, 2012). Nanomaterials not only help and aid in the kinetics of hydrogen
storage materials, but they also help to destabilize the thermodynamics of chemisorption

materials.

2.3.1 Synthesis methods for graphene nanocomposites

2.3.1.1 Self-assembly technique

The self-assembly process is one of the primary techniques for synthesizing complex materials
from molecules in macro, micro and nano scales (B. Li et al., 2010). In the bottom up
techniques in nanotechnology, this method has been considered as one of the most effective
(Thiruvengadathan et al., 2013). In this technique, molecules are utilized as precursor material
for synthesizing graphene nanocomposites under environmentally conducive parameters. As
such, graphene sheets prepared using the top down approach (mechanical and chemical
exfoliation of graphite), can be utilizing as precursor material for the self-assembly technique
(B. Li et al., 2010). The mechanism of self-assembly of graphene can be quite complex and
understanding it necessitates the full understanding of the non-covalent and interlayer covalent
interactions between graphene derivatives(Xu & Shi, 2011). These interactions include the
dipole-dipole interactions, p-p interactions, van Der Waals forces and electrostatic forces. Non-
covalent interactions in the self-assembly technique, aid the graphene in producing composites
with novel functions and structures(Xu & Shi, 2011; Yuan et al., 2018).

These non-covalent interactions are active in various organic solvents and they permit
homogenous dispersion for the anticipated self-assembly. Furthermore, graphene molecules
allow for functionalization which is double sided and thus creates novel structural architecture
with double-sized decoration of functional groups on the graphene sheet. These functional
groups in principle, permit layer-by-layer coordinated assembly in a supramolecular

manner(Yuan et al., 2018).
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To take advantage of the characteristics of graphene at nanoscale in macro-sized devices, it is
crucial to incorporate the graphene sheets into 3D micro-sized structures with better maneuver
of the geometry and dimensionality of the material(Nine et al., 2017). Various methods have
been reported for the fabrication of 3D porous structures, 2D thin films and 1 dimensional
fiber-like molecules(Nine et al., 2017). For 3D porous structures these methods have been used;
freeze casting self-assembly, breath figure 3D assembly, diffusion driven 3D self-assembly,
3D self-assembly through the hydrothermal process, pickering emulsions for 3D molecules and
3D assembly through chemical reduction(Chen & Yan, 2011; Deville, 2008; Putz et al., 2010;
Xu et al., 2010).For 2D structures these methods have been used; vacuum assisted assembly,
Rayleigh and Taylor instability and Marangoni effect self-assembly method, liquid-liquid
interfacial 2D assembly method, evaporation induced 2D self-assembly method,
electrophoretic method and the Langmuire-Blodgett method(Chavez-Valdez et al., 2013; F.
Kim et al., 2010; Putz et al., 2010). For 1D fibers these methods have employed; 1D self-
assembly self-intertwining method, direct drawing self-assembly method, electrophoretic 1D
self-assembly and flow directed wet-spinning 1D self-assembly. All of these methods have
been successfully employed to synthesize these different structures under various

parameters(Jalili et al., 2013; X. Li et al., 2011; Yun et al., 2013).

2.3.1.2 Solution mixing method

The solution mixing method is one of the easiest method for the synthesis of polymer based
graphene nanocomposites. The method comprises of three simple steps which are; the
scattering of the filler, the polymer incorporation and the solvent removal through the
distillation process or evaporation(Deshmukh et al., 2017). This method is also relatively cheap
because it does not need the use of expensive equipment or expensive operative protocols,
although it has a many steps(L.-C. Tang et al., 2019). Other advantages about this technique
are; the method allows for good dispersion of thin particles because of the efficient
fragmentation of organoclay agglomerates(L.-C. Tang et al., 2019; Vasudeo Rane et al., 2017).
This in effect, generates greatly filled key batches that can later be mixed with pristine polymer
through the melt compounding process. Furthermore this process allows for the production of
highly exfoliated graphene nanocomposites that can be attained through mixing the physical

coupling process with chemical reaction.
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The synthesis step of this method typically involves dissipating a polymer in a solvent and
suspending the filler in a different compatible solvent. Different solvents such as acetone,
tetrahydrofuran (THF), toluene, chloroform, dimethylformamide and cyclohexane are utilized
in this method(L.-C. Tang et al., 2019). As mentioned above, the solution blending generates
ensures excellent exfoliation and dispersion of the filler within the elastomeric matrix(Chee et

al., 2015).

Ultrasonication or high speed shear mixing are employed during the solution blending process
to ensure the polymer solution and filler suspension are mixed thoroughly(Vasudeo Rane et
al., 2017). This technique has been efficient in dispersing nanofillers irregardless of the polarity
of the polymer. As much as this method has a lot of advantages, it does however have
disadvantages as well. The main disadvantage of this technique is the thorough and efficient
removal of solvents utilized during the process. Another major disadvantage is the scale up;
the solvents utilized are very expensive and scaling up this process would pose financial
difficulties and strains(L.-C. Tang et al., 2019; Vasudeo Rane et al., 2017). Lastly, the entire

process involves a lot of steps and this can influence the subsequent outcome of the process.

A couple of researcher have used this method to synthesize graphene nanocomposites. Wang
et.al. utilized Cu (OH)2 composite sheets and reduced graphene oxide to synthesize thin micro
layered structure of rGo-Cu powder(L. Wang et al., 2017). Tang et al, synthesized graphene
nanosheets decorated with Ni nanoparticles utilizing the insitu chemical reduction method(X.-
Z. Tang et al., 2013). The resulting nanocomposite after wet mixing electrolytic Cu to obtain
Ni-graphene nanosheets/Cu nanocomposite, depicted interesting mechanical properties with a
yield strength of 268 MPa and a high Young Modulus of 132 GPa(X.-Z. Tang et al., 2013).
Furthermore, Zeng et al. incorporated Al powder in the GO suspension solution and
ultrasonicated the mixture(Zeng et al., 2018). Al-graphene nanocomposite was obtained with
a tensile strength of 255 MPa(Zeng et al., 2018). Li et.al, on the other hand used precursor
organic graphite to synthesize graphene oxide using the Hummers method and decorated the
graphene with Ni nanoparticles(N. Li et al., 2012). Ngqalakwezi et al, also synthesized
Ca/graphene using the Improved Tours Method and chemical reduction the Ca ions on the

surface of the GO(Ngqgalakwezi et al., 2019).

The solution mixing method has been successfully employed to synthesis graphene

nanocomposites.
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2.3.1.3 Sol-gel method

The sol-gel method is also a simple method that allows the synthesis of a homogenous material
that has great compositional controls(Lu et al., 2019). This method utilizes metal chlorides or
metal alkoxides as the precursor material(C. Hu et al., 2013). The chlorides or alkoxides are
treated through a series of condensation and hydrolysis reactions and later the cured composites
are dried and calcined(C. Hu et al., 2013). A number of researchers have prepared graphene
nanocomposites through the sol-gel method. A SiO/graphene nanocomposite was synthesized
with good cyclic stability and spectacular specific capacitance of Fg™! with a current density of
1 Ag'! by Rezaei et al(Rezaei et al., 2016).Patil et al fabricated functional nanographene sheets
using cobalt sulphide which had a good rate of cyclic ability and high reversible capacity
ranging at about 466 mAhg'(Patil et al., 2017). Wang et al. fabricated TiC/graphene
nanocomposite using the sol gel method(X. Wang et al., 2016). In this work, furfuryl alcohol
was utilized as a carbon and this nanocomposite was synthesized for impact or shock
absorptions(X. Wang et al., 2016). Furthermore, Sun et al synthesized various nanoparticles of
platinum on sulfonated graphene and used them as anode electrocatalysts in direct ethanol fuel
cell using the sol gel method(C.-L. Sun et al., 2015). The particles sized of the nanoparticles
on the graphene surface ranged 1.7 nm to 13.9 nm. The sulfonic acid on the graphene improved
the adsorption energy of platinum, this was observed through theoretical calculations(C.-L.

Sun et al., 2015).

The synthesis work done using the sol gel method has proved to be effective in synthesis
graphene nanocomposites and thin-film coating materials. This method required decreased
reaction temperatures and it is also not complex to follow and conduct although the still

challenges in the formation of the sol.

2.3.1.4 Hydrothermal method

The hydrothermal technique has been utilized to fabricate graphene nanocomposites using
autoclaves under high pressures and temperatures. The first hydrothermal reaction was reported
in 1845 by Schafhautl when he noticed the synthesis of quartz microcrystals from silicic
acid(O’Hare, 2001). Since then, his method has been developed over the years by many other
scientist and other novel synthesis method have also been reported. The hydrothermal

technique is not restricted to the fabrication of common and advanced materials but it also
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covers a wide range of interdisciplinary subdivisions in the sector of energy storage, simulating
biohydrothermal and geothermal process and waste treatment(Feng & Li, 2017). In principle,
the word hydrothermal, was initiated from geological sciences where it refers to a regime of
water pressures and high temperatures(Byrappa & Yoshimura, 2001). Hydrothermal reaction
traditionally involves water as catalyst and seldom, as a component of the solid phase during
the synthesis at high pressures and temperatures. This technique has many advantages to it such
as, excellent dispersion in water, the synthesis using this method is inexpensive due to
instrumentation, environmentally friendly, one pot synthesis method, mild operation conditions

and the material precursor are also inexpensive(A. D. Li & Liu, 2010).

Lee et al, discovered a novel hydrothermal fabrication route to synthesize graphene
nanocomposites to improve the photocatalytic activity of TiO2 under visible light. In the
method, graphene was decorated or wrapped with TiOz particles(J. S. Lee et al., 2012).A high
catalytic CeO2/graphene was synthesized by Srivastava using the hydrothermal
method(Srivastava et al., 2013). A Ag/graphene nanocomposite with exceptional
electroconductivity was synthesized by Yang et al using the hydrothermal method. In this work,
Yang et al, used a hydrazine reductant as a reducing agent and had control over the morphology
and the size of Ag nanoparticle on the surface of graphene(J. Yang et al., 2011). Zhang et al,
prepared a one pot method for the synthesis of Fe203—Ni(OH)2/graphene nanocomposite. The
nanocomposite had a good rate capability (at 100% retention), impressive cyclic stability (5
000 cycles) and elevated specific capacitance at approximately 857 F/g(Zhang et al., 2016). A
ZnO/graphene nanocomposite was synthesized using the hydrothermal at lower temperature
90 and 80°C(Saravanakumar et al., 2013). The nanocomposites both displayed good catalytic
activity during photocatalytic degradation against rhodamine-B dye(Saravanakumar et al.,

2013).

2.4 KINETICS OF ENERGY STORAGE MATERIALS:

The issues of kinetics in energy storage has been tackled through many scientific interventions
including ball milling, alloying, thin films and catalysis. However, to date, no material has
satisfied the requirement for practical energy storage. The development of hybrid material such

as graphene nanocomposites has been researched to fill in the gap. In energy storage, kinetics
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of the materials considered for practical energy storage are complex and not easily understand

and thus in this section, hydrogen storage kinetic models are reviewed.

2.4.1 Kinetic Models

The uptake of hydrogen and release of hydrogen in hydrogen storage systems is made of
adsorption, penetration through the surface, internal diffusion and chemical

reaction(Abd.Khalim Khafidz et al., 2016). Figure 2-11 shows the detailed steps of these

Processces:
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Figure 2-11: Hydrogenation and dehydrogenation steps

The two possible reaction modes for hydrogenation and dehydrogenation reactions are
geometrical contraction and nucleation growth. These reaction routes are supported by
theoretical and experimental research (Chou & Xu, 2007). Hydrogen storage kinetic models
are thereby segregated according to these reaction routes. These models are founded on
isothermal fitting and non-isothermal calculation analysis methods(Pang & Li, 2016). These
methods help determine kinetic parameters and reaction modes this subsequently leads to a

better understanding of the kinetic mechanism.

2.4.1.1 Geometrical Contraction Models

The basis of this model is that hydrogenation and dehydrogenation reactions transpire

uniformly from the surface into the bulk of particle and the particles are uniform in size and

(1
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shape(Pang & Li, 2016). The reaction fraction relationship between distances in particles of

various shapes (sphere, plate and cylinder) is given by:

r\d
1=
To

Where d = dimensionality, r = lengths of the unreacted part, ry= length of the whole particles,

& =reaction fraction.

The geometrical contraction models are derived from this relationship equation and
assumptions of isothermal conditions(Booth, 1948; Carstensen, 1974; Crank 1916-, 1975;
Khawam & Flanagan, 2006; N Koga & Criado, 1997; Nobuyoshi Koga & Criado, 1998). These

are the geometrical contraction models:

2.4.1.2 Contracting volume model:
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Where k;,;= rate constant (interface controlled reaction, k = generalized rate constant.
Jander Model:
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(4
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Where AC = concentration difference, D = diffusion constant, p = density
2.4.1.3 Ginstling-Brounshtein model
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For three dimensional cylinder:

2.4.1.4 Valensi-Carter Model:
pd; DAC
(Zr?’)+r3(1—z))3

2 2
z—(14+(Z—-1)e)3—-(z—-1)(1—-¢)3 2DAC
(+@-Dep-G-DA-ef _208C, _ an
z—1 5P

Where z = volume ratio of product to reactant

The contracting volume model assumes that rate of hydrogenation is regulated by the interface
process. This model is deemed as the simplest method in geometrical contraction volume
models because no other assumptions are made. Through this method the dimensionality and
a generalized constant can be obtained through fitting a simplified isothermal
curve(Carstensen, 1974; Pang & Li, 2016). Bosenberg et al.proved that LiH-MgB> with
transition metal deposits such as Titanium and Vanadium follow the CV model very well

because it is interface control(Bdsenberg et al., 2010).

The Jander Model however is readily used for diffusion regulated reactions. The two important
assumptions made in this model are: 1. the volume of hydrogen storage materials remains
constant before and after absorption and desorption reactions 2. Two and three dimensional
diffusion are deemed as one meaning the interface area remains constant for diffusion(Booth,
1948; Jander, 1927). However these assumptions are not always applicable for hydrogen
storage materials because the volume of some materials increases during the uptake of
hydrogen and decrease with the release of it. In contrast Shao et al.found that nanocrystalline

Mg doped with Ti under 1Mpa of Hz follow this model very well(Shao et al., 2012).

According to Ginstling et al and Crank the Ginstling-Brounshtein model develops the Jander
Model using Fick’s Law for radial diffusion for 2D and 3D spheres(Crank 1916-, 1975;
Ginstling A, 1950). Although intricate; this method is regarded as a more accurate model due
to its consideration of the variance in interface area due to diffusion. Chaudhary et al.reported
that MgH>-Si synthesized by ball milling, cryomilling and ultrasonicating produces desorption
curves which follow this model well (Chaudhary et al., 2015). The Valensi-Carter model is an
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extension of the G-B model which regards the change in volume in hydrogen storage materials
during adsorption and desorption. This model is reportedly the most accurate in geometrical
contraction model however it has not yet been applied to hydrogen storage materials(Carter

R.E, 1967; Shimada et al., 1999; Valensi G, 1936).

2.4.1.5 Nucleation-growth impingement Models

The Nucleation growth impingement models are generally described as the Johnson-Mehl-
Avrami-Kolomogorov (JMAK) models. The JMAK models define hydrogenation and
dehydrogenation reactions as three synchronized processes: nucleation, growth and
impingement(M. Avrami, 1941; Melvin Avrami, 1939, 1940; Johnson W.A., 1939;
Kolmogorov A.N, 1937; Pang et al., 2016; Valensi G, 1936). Figure 2-12 is a diagram showing

the three processes:
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Figure 2-12: Nucleation, growth and impingement

This model is founded on the basis of; 1. Enhancing nucleation, growth and impingement 2.
Solving analytical problems(Pang et al., 2016). This model is given as:

t
e=F U I(r)V(r)drl
0 (13

Where I = nucleation module, r = nucleation rate, F = impingement module
defining the relationship between real reaction fraction and extended reaction fraction, V=

Growth module (Kempen et al., 2002).

A variation of this equation, classical JIMAK (C-JMAK), which takes into consideration

interface controlled growth and diffusion controlled is given by:

(14)
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Where AE; = activation energy for growth, Go= intrinsic growth rate, m = growth mode

d .
parameter, — = growth inde.

The C-JMAK model defines absorption and desorption of nucleation, growth and impingement
very well. Nucleation in this regard refers to site saturation, growth mode to interface and
diffusion controlled sites and impingement to randomly scattered nuclei isotropic
growth(CHRISTIAN, 2002). The Avrami exponent of the desorption reaction of NaAlH4
doped with Titanium was determined using this model and was found to be 3. This proved that
the three dimensional interface process is the rate controlling step. Pang et al. however
discovered that the actual nucleation modes propagate continuous nucleation and are not
restricted to linear continuous nucleation and site saturation an assumption which this model is
founded on(F. Liu et al., 2007; Pang et al., 2016). This inhibits the practical application of this

model for progressive hydrogen storage applications.

Analysis methods are used to obtain kinetic mechanism by determining and comparing the best
fit models and kinetic parameters that go along with it. The two most used analysis methods is
isothermal fitting and non-isothermal fitting(Gross K.J., 2012). However based on literature
reviewed understanding the kinetic mechanisms for hydrogen storage materials can be difficult
because the analysis have downfalls which may result in misunderstanding of the kinetic

mechanisms entirely (Pang & Li, 2016).

2.5 THERMODYNAMICS OF HYDROGEN STORAGE MATERIALS

Thermodynamic properties such as temperature and pressure play a vital part in the effective
application of hydrogen storage materials. These two properties together with the hydrogen
molecule interaction with the nanostructure and hydrogen molecule to hydrogen molecule
interaction affect the gravity and volumetric capacities of hydrogen storage materials (Song et
al., 2012). Hydrogen storage material thermodynamic models are founded on energy and mass
balance equations derived from principles of energy and mass conservation of thermodynamics

(Song et al., 2012). From an engineering perspective the effective heat removal during
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adsorption of hydrogen and effective heat supply during recovery of the adsorbed hydrogen
molecules, are areas of interest. Dedrick et al. reported that 0.7 MW is a required to for cooling
during hydrogen uptake .(Dedrick et al., 2009) His work highlighted the importance of equally
having an efficient storage system alongside an efficient cooling system for practical
application of hydrogen. A proper design of a hydrogen storage materials would require
thorough knowledge of heat of reaction; equilibrium pressure vs temperature (thermodynamic
properties), reaction kinetics and thermal conductivity; heat capacity (thermal properties)

(Dedrick et al., 2009; Pang & Li, 2016; Song et al., 2012).

2.5.1 Heat of Reaction

The heat of reaction is a thermodynamic property that is associated with the amount of heat
that is released or the amount of heat that is consumed. The heat of reaction is also known as
the Enthalpy of reaction and divided into two groups, exothermic reaction and endothermic
reaction (Dedrick, 2008). The exothermic heat of reaction is straightly proportional to the heat
waste generated and this in turn affects the heat exchanger volume. The heat exchanger volume
is dependent on the materials heat capacity, heat released in a reaction and the needed
temperatures for both reactants and product (Song et al., 2012). Semelsberger et al. reported
that escalated exothermic reaction enthalpy yields a greater adiabatic temperature which
increases the dimensions (length and mass) of heat exchangers (Semelsberger & Borup, 2005).
His work recorded the three steps which are undertaken to calculate the influence of heat of
reaction on the mass of radiators in hydrogen storage systems: 1. Calculation of the adiabatic
temperature 2. The time it takes for the gas and spent fuel heat exchangers to bring their
products to the required temperatures and lastly the total volume and mass of the heat
exchangers (Semelsberger & Borup, 2005). In addition it has been found in these calculations
that the hydrogen mass flow rate is inversely proportional to the gravimetric storage capacity
of hydrogen storage materials. Consequently decreased gravimetric capacities lead to the
achievement of desired flowrate of the storage materials in the heat exchanger and increased
flowrate need longer heat exchangers to bring the temperature to the desired temperature. In
essence hydrogen storage material with higher hydrogen capacities useful in decreasing heat

exchanger volume or mass (Dedrick et al., 2009; Semelsberger & Borup, 2005).

Troy et al. did further analysis of endothermic heat of reactions in hydrogen systems.

Endothermic heat of reaction affect the on board effectiveness of hydrogen storage systems
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due to the parasitic heat loss accompanying them. The analysis he performed considered the
sensible heat of the reactor, sensible heat of the storage media, endothermic heat of reaction
and the number of vehicles start-ups. The DoE requirements of an on board system efficiency
0f 90% 1s met when the system is adiabatic with full heat recovery, this means the only parasitic
loss considered is the endothermic heat of reaction. The maximum allowed endothermic

reaction in these systems must be 24 kJ/mol Ho.

Avdeenkov et al. developed a thermodynamic model for hydrogen storage in carbon
nanostructures (Avdeenkov et al., 2015). The interaction of nanostructured material with
hydrogen molecule is of paramount importance in hydrogen storage systems. Better methods
of calculating these interactions such as the calculation of potential energy surface in light of
effective pair interaction have been explored (Avdeenkov et al., 2015)s. The effective pair
interactions are attained from model energy calculations of relevant molecular systems. Alonso
et al. developed a thermodynamic model which is appropriate for improving the topology of
nanostructure material and their geometry (Alonso et al., 2013) . Current theoretical methods
that define the non-ideality such Monte Carlo and Density functional theory are not simple to

verify and can be numerically costly.
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CONCLUSION

There is a range of materials that have attracted many researchers for progressive hydrogen
storage research. In this chapter, hydrogen storage challenges were reviewed, hydrogen storage
materials such as graphene, graphene synthesis and graphene nanocomposites were reviewed
intensely. The kinetic and thermodynamic behavior related to these materials was reviewed.
Upon the review of the kinetics and thermodynamics, it was concluded that the success in
solving kinetic and thermodynamics issues would lead to the successful application of
hydrogen storage materials. More work needs to be done in terms of the practical application
of these material for energy storage, because to date, no material meets the standards for

practical application in energy storage.
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Introduction

Graphene, a carbon allotrope, embodies key advancement in modern science through its
versatile properties and as such has been considered for many applications such as catalysis,
hydrogen storage and sensors (Shams & Zhang, 2015). Graphene was initially discovered by
Geim in 2004 using mechanical exfoliation, and many other methods since then have been
employed to produce graphene such as chemical vapour deposition, graphite intercalation,
micromechanical cleavage of graphite and the reduction of graphite oxide (Geim & Novoselov,
2007). A few novel methods were reported in 2013 by Kosynkin et al. and Choucair et al
(Choucair et al., 2009; Kosynkin et al., 2009). Kosynkin’s methods showed that the
longitudinal unzipping of carbon nanotubes forms graphene nanoribbons while Choucair’s
method showed that graphene was produced hydrothermally and through sonication (Choucair
et al., 2009; Kosynkin et al., 2009). The general graphene synthesis methods are classified to
two simple approaches: the top-down approach and bottom-up approach (Choi et al., 2010).
The top-down approach mainly looks into segregating the graphene layers, which form
graphite, into atomic layers from the graphite i.e. graphene layer stack. The bottom-up
approach concentrates on using carbon obtained from alternative sources as graphene building

blocks (Shams & Zhang, 2015)

The production of graphene through the reduction of graphite oxide has become a conventional
method. This method has been preferred over the other methods due to its ability to produce
large of quantities of graphene compared to other methods and due to the minimized degree of
exfoliation that can be obtained with expandable graphite and graphite (Gurunathan et al.,
2016; Marcano et al., 2010; Venkatesan et al., 2015a). The reduction of graphene with this
method can be achieved either through chemical or thermal treatment (Choi et al., 2010). The
Staudenmaier method, Brodie method and Hummers method have all been used in the synthesis

of the precursor graphite oxide. Oxidants such as nitric acid, potassium permanganate and
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concentrated sulphuric have been used in these methods (Poh et al., 2012). Marcano et al.
reported an improved method to oxidize graphite, the Improved Tours Method, where nitric
acid is excluded while the amount of potassium permangate is increased. This synthesis method
is reported to improve the oxidation process of graphite (Marcano et al., 2010). Various
reductants have also been reported to effectively reduce graphite oxide. Gurunathan et al.
developed a novel reductant procedure where biomass attained from the lysogeny broth
bacteria was utilized to effectively reduce graphite oxide (Gurunathan et al., 2016). The
traditional reductant (hydrazine) used in Modified Hummers method has been deemed as lethal
and as such greener reductants have been studied by various researchers such as lemon juice,
coconut water, L-Ascorbic acid, vinegar and many other more (Abulizi et al., 2014; Chong et

al., 2015; Mas’udah et al., 2016) .

In this chapter, graphene was synthesized from precursor graphite utilizing the modified
Hummers method and the improved Tours Method. The graphite was first oxidized to graphite
oxide and then later reduced to graphene. Modified Hummers method is a conventional method
used widely in the synthesis of graphene. Improved Tours Method is an improved method for

the synthesis of graphite.

3.1 EXPERIMENTAL: MATERIALS AND METHOD
3.1 METHOD

3.1.1 Synthesis of Graphite Oxide Improved Tours Method

Materials

Graphite flakes (expandable-99.99%, 200 mesh) purchased from Sigma Aldrich were used as
pre-cursor material. Potassium permanganate, ACS reagent, 99%) also purchased from Sigma
Aldrich was used as an oxidant. Concentrated sulphuric acid and phosphoric acid purchased
from ACE chemicals were also used. Hydrogen peroxide also purchased from ACE chemicals

was used to quench the oxidation reaction.
Method

The Improved Tours Method was utilized to synthesize precursor graphite oxide because this

method allows a large scale synthesis of hydrophilic oxidized graphene. In this method, H3PO4
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and H2SO4 were mixed at a ratio of 1:9 (360 ml: 40ml) and were mixed with graphite flakes.
The mixture of H3PO4 and H2SO4 and graphite flakes was stirred at 400 rpm for an hour while
the temperature was kept below 10 °C through the use of an ice bath. About 18g of KMnO4
were added very slowly to the graphite solution to avoid any explosion. After completely
adding KMnO4, the solution was removed from the ice bath and was heated to 50 °C and stirred
continuously for approximately 3 hours. When the solution was completely cool, 3ml of H202
were added to quench the reaction. The resultant, was dialyzed about 7 times in 51 of deionized
water to obtain a neutral pH. The washed graphite oxide was then filtered and dried at 120°C

overnight.

Add KMnOa4 slowly H202

Graphite Flakes

Heat up to 50 °C for 3 hrs

—r N z
{ —>

@ | o |
Temperature kept below
10°C

Dialysis of the material

Graphite Oxide —«—— '

Oven Drying at 120 °C Centrifugation 4000 rpm

Figure 3-1: Graphite oxidation

3.1.2 Graphite Oxide reduction

2.2.1 Thermal reduction

Precursor graphite oxide was thermally reduced through furnace treatment. Procedurally, the
graphite oxide was weighed and transferred to a crucible and then placed in the furnace for
approximately 24 hours. The precursor graphite oxide was thermally reduced at 200°C. The

resultant, after thermal treatment, was weighed and then taken for characterization.
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Figure 3-2: The thermal reduction process of GO

2.2.2 Chemical reduction: Ammonia

Dry precursor graphite oxide was mixed with de-ionized water (300ml) and stirred at 250 rpm
until the solution was uniform. Then, about 10 ml of NH3 were mixed with de-ionised water
(100ml). While continuously stirring the graphite oxide solution, the NH3 solution was slowly
added. After completely adding the NH3 solution, the temperature was increased to 70 °C and
it was kept there for 2 hours. The solution of reduced graphene was aged for 2 days and then

freeze dried.
2.2.3 Chemical Reduction: L-Ascorbic Acid

Lastly, precursor graphite oxide was reduced using L-Ascorbic acid. In the reduction process,
precursor GO was mixed with de-ionized water (250 ml) and the solution was stirred at 250
rpm. Then, an L-Ascorbic acid solution was made through mixing about 5.28¢g of L-Ascorbic
acid with de-ionised water (300ml). The L-Ascorbic solution and precursor GO solution were
mixed together, but slowly adding the ascorbic acid solution to the graphite oxide solution. The
temperature was elevated to 70 °C and was kept at 70 °C for 2 hours. The solution of reduced

graphene was then aged for 2 days and then it was freeze dried.

3.1.3 Synthesis of Graphite Oxide Modified Hummers Method

Materials

Precursor graphite flakes Graphite flakes (expandable-99.99%, 200 mesh) purchased from
Sigma Aldrich were used as pre-cursor material. Potassium permanganate (Analytical grade,

99%) also purchased from Sigma Aldrich was used as an oxidant. Concentrated sulphuric acid
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purchased from ACE chemicals were also used. Hydrogen peroxide (30%) also purchased from
ACE chemicals was used to quench the oxidation reaction. Nickel (II) acetate tetrahydrate (Ni
[(OAc)2]3, sodium hydroxide (NaOH) and hydrochloric acid (HCI) were obtained from Merck
Chemicals (Pty) Ltd. De-ionized water purified using the Milli-Q system Millipore with a

resistivity of 18.2 MQcm was utilized throughout the experiments.

Method

In this method, graphite oxide was prepared using Modified hummers method with expandable
graphite flakes as the starting material. Expandable graphite flakes (3g) were mixed with about
70 ml of concentrated sulphuric acid and the mixture was stirred at constant while the
temperature was maintained below 10 °C in an ice bath. The oxidizing agent (potassium
permanganate (9g)) was slowly added to the solution. The ice water bath was removed after
completely adding the oxidant and the solution was heated to 35 °C and the solution was
continuously stirred for a further 30 minutes. High purity water (150 ml) were further added to
the solution and the solution was heated to 95 °C. A hydrogen peroxide solution was prepared
by mixing hydrogen peroxide 30% (20 ml) with deionized water (150 ml). The solution was
slowly added to the graphite oxide solution to quench the reaction. The solution color changed
to dark brown. After the reaction was quenched, the solution was exfoliated through sonication.
The solution was sonicated for 10 min and ambient temperature and pressure. The resultant
and sonicated solution was then was with hydrochloric acid 1M (15 ml) to remove any metal
ions. The solution was centrifuged for half an hour at 4000 rpm. The resultant solution was
dialyzed in 51 of deionized water. The process was repeated until a neutral pH was obtained.

The resultant was dried at overnight in an oven and then stored.

3.1.3 Reduction of graphite oxide

In this section, graphite oxide was reduced using a green reductant and the conversional
hazardous hydrazine was not used. Lemon juice purchased from Woolworths was used as a
reductant in this section. The solid graphite oxide was mixed with deionized water (150 ml)
and was mixed concentrated lemon juice. The solution was stirred and the temperature was
increased and was kept at 50 °C for 2 hours. The solution was filtered and dried overnight.

The resultant was then taken for characterization.
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Figure 3-3: Modified hummers method

3.2 CHARACTERIZATION

XRD patterns were recorded using X-ray powder diffraction (p-XRD), an advanced powder
diffractometer with CuKa-radiation (40 kV, 40 mA, 1.78897 A). The XRD analysis machine
is equipped with a LinxEye detector that detects the crystal structure of the material. The XRD
patterns were captured in the 20 range of 5 to 80 diffraction angle with a step size of 0.02.
Raman mapping was performed using the Perkin Elmer Raman spectroscopy with a
wavelength excitation of 785 nm laser that delivers the laser at 100 Mw on the sample. The
Raman uses a temperature controlled detector (-50 °C) , Charged coupled device (CCD), that
has a 1024 x 256 pixel sensor with a lateral resolution of approximately 1 pm. The mapping
was performed with a grip spacing of 0.25 nm and at an accumulation time of 3 seconds at each
spot. The obtained spectra was processed utilizing the PerkinElmer processing software. For
FTIR analysis, a Perkin Elmer Spectrum two (UATR Two) was utilized. The spectra obtained

was subtracted from the FTIR spectra that was recorded.
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BET (Brunauer-Emmett-Teller) analysis on the sample was performed utilizing the
Micromeritics ASAP TriStar 3000 unit. This units operates by adsorbing monolayer nitrogen
gas at cryogenic temperatures (—196%) and at 2 pumHg pressure for porosity measurement. A
JEM2100F, JEOL Ltd. Electron microscope was utilized to capture high resolution TEM
images. The machine is fitted with an EDX that uses an electron beam backscattered diffraction
(EBSD) and wavelength dispersive spectroscopy (WDS). The machines utilizes the Oxford

instruments software for processing.

3.3 RESULTS AND DISCUSSION

3.1.1 Raman

Raman is a vibrational characterization technique that is sensitive to geometric structure and
bonding within molecules (Marcano et al., 2010; Oliveira et al., 2018). Raman, in this synthesis
work, was utilized to detect the structural differences during the oxidation process of graphite
flakes and the reduction processes of graphite oxide. In the Raman spectra, the important bands
are the G, D and 2D bands. Figure 3-4 shows the spectra graphite flakes A, graphite oxide B,
reduced graphene C.
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Figure 3-4: Raman characterization of graphite flakes (A), Graphtie Oxide (B), reduced
graphene oxide (C)

The Raman spectra shown in figure 4(A) depicts the G band in graphite flakes at ~1582 cm™.
The G band position in graphite flakes is positioned in an in-plane mode (Oliveira et al., 2018).
This mode is highly sensitive to the number of layers in graphene and it involves sp? hybridized
carbon. The G band shifted in reduced graphene to ~ 1598 cm’!. This shift observed is due to
the increase on the layer thickness of the material and the increase in lay thickness results in
the band shifting towards a lower energy position (Wall, 2011; Zhou & Szpunar, 2016). The
number of layers available in a material can be correlated to the band position using this

correlation:

11
(1+n1-6)

we = 1581.6 + [17]

The temperature affects the G band and during the reduction step, as such the temperature was
kept constant. The D band can be observed approximately between 1327-1342 cm’!
wavelength. This band is the disorder band which only appears in the presence of defects
(Oliveiraetal., 2018; Zhou & Szpunar, 2016). Defects occur during the oxidation and reduction
processes in the synthesis of graphene. The D band for graphite flakes can be observed
at ~1324 cm’!, for graphite oxide at ~1332 cm™ and for reduced graphene it appears
around ~1340 cm’!. The graphite flakes D band has a low intensity because it has defects.
Again, on the graphite flakes spectrum, the 2D band can be seen at ~2714 cm™! wavelength.

The 2D band can be observed because of the vibrational process of the two phonon lattice. The
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increase in number of layers affects the intensity of this band and symmetry resulting in the

decrease of this band (Marcano et al., 2010).

3.1.2 XRD

X-ray diffraction is a non-destructive analysis for analyzing crystalline materials. XRD
functions by scattering of x-ray photons using atoms in a periodic lattice (Stobinski et al.,
2014). The smattered x-rays in the phase provide constructive interference. This gives an
indication of structural parameters, crystals defects, phases, crystal orientation and crystallinity

(Stobinski et al., 2014).

The XRD results are shown below on figure 3-5. Before the analysis of the synthesized
samples, some of the samples were crushed to obtain powder. In these results, a very sharp
peak at ~260 = 30° can be observed in graphite flakes spectrum. This corresponds to the
hexagonal arrangement in the materials and in the packing of atomic layers within the material
(Diana C. Tranca & Gotthard Seifert, 2016; Venkatesan et al., 2015a). In the GO spectrum, the
angle shifts lower due the oxidation of the crystalline structure that results in increased
interplanar spacing. The GO peak corresponds to the dooi plane and can be observed at ~ 260 =
11.3°. Furthermore, the broadness of the GO peak confirms the presence of functional groups
in the material due to the oxidation process (Marcano et al., 2010). The reduced graphite oxide
oxidation peaks in spectrum C, are observed to decrease due to the reduction process. These

results confirm that the graphite was successfully oxidized and subsequently reduced.
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Figure 3-5: XRD characterization of graphite flakes (A), Graphite Oxide (B), and reduced
graphene (C)

3.1.3 FTIR Results

Fourier transform infrared spectroscopy is an analysis method that is utilized to detect
polymeric and organic materials. This method utilizes infrared light to scan test samples and
detect their chemical properties (Tucureanu et al., 2016). The bonds within and between
different materials absorb light and various frequencies (Tucureanu et al., 2016). The
absorbance by the material gives indications to the materials molecular structure and

composition.

The FTIR spectroscopy is also associated with molecular vibrations or atomic vibrations within
a material. These vibrations are utilized to detect functional groups by analyzing the

frequencies to detect molecules (Kartick et al., 2013). The FTIR spectra detected several
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functional groups: O-H (3422 cm™) stretching vibrations, C=0 (1719-1754 cm™") vibrations,
C=C (1595-1623 cm™) vibrations and C-O (1215-1252 cm!) vibrations. The OH- stretch which
can be seen on the samples is because of the presence of water in the graphene layers. The
observed reduction in the intensity on the bands is due to the reduction process (Pei et al., 2018;

Venkatesan et al., 2015a). Therefore, this affirms that graphite oxide was successfully reduced.
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Figure 3-6: FTIR spectra A. Graphite B. GO, C. Ascorbic acid reduced graphene D. NH3
reduced graphene
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CONCLUSION

The aim of this chapter was to synthesize and characterize precursor graphene for the
development of metal/graphene nanocomposite for hydrogen storage. Graphite flakes were
successfully oxidized to graphite oxide. The success of this synthesis step can observed in the
characterization results presented above. FTIR showed the presence of functional groups after
oxidizing graphite flakes, XRD results depicted a shift in the graphite flakes peak at ~26 = 30°
due to the oxidation process and lastly the Raman characterization showed the defects on the
graphite flakes after oxidation. The reduction of graphite oxide was also successfully

completed as observed in the characterization results.
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CHAPTER 4

4. DEVELOPMENT OF METAL-GRAPHENE NANOCOMPOSITE
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Introduction

Graphene nanocomposites and its derivatives depict a promising potential for different
applications such as automotive industry, aerospace, electronics and green energy (Pumera,
2011). This is because graphene has intriguing thermal, mechanical and electrical properties
(Shams & Zhang, 2015). Nanocomposites, where nanocatalysis and nanostructure are
combined, are the next research advancement of high performance of hydrogen storage
materials. These materials have distinct functionalities due to the shorten diffusion distance,
increased surface area and the multiplied grain boundaries (Gurunathan et al., 2016; Pumera,

2011; M. Wang, 2012).

A lot of studies have been done with graphene and nanocomposites thereof for the practical
application in on-board application. Graphene nanocomposites can be synthesized using
various techniques. These include the self-assembly technique, solution mixing, sol-gel
method, hydrothermal or the solvothermal method and other methods (Ngqalakwezi et al.,
2019; O’Hare, 2001; M. Wang, 2012; J. Yang et al., 2011; Zhou et al., 2016). Graphene
nanocomposites have been preferred for hydrogen storage application mainly because of their
light weight characteristic. Weight of the material is an important factor when considering the
practical applications for hybrid cars according to the DoE standards. Graphene alone is a
physisorbent material and does not take up a lot of hydrogen however its kinetics are interesting
(Pei et al., 2018). The incorporation of metals on the graphene matrix enhances the functions
of the system and improves the hydrogenation of this material to make it more appealing for
practical use in hybrid cars (Pumera, 2011). Various metals have been used in this regard to
improve the hydrogen uptake of the graphene nanocomposite. Zhou et al., synthesized a
Ni/graphene nanocomposite and a Pd/graphene nanocomposite (Zhou et al., 2016)(Zhou &
Szpunar, 2016). Ngqalakwezi et al. synthesized a novel Ca/graphene nanocomposite
(Ngqalakwezi et al., 2019). The graphene nanocomposites can be used and applied in different
industries for hydrogen generation in the electrolysis process, in the photo degradation of

pollutants, energy storage and other applications.

In this chapter, the graphene synthesized using the improved tours method was loaded the
calcium and nickel. The hydrothermal and solution mixing methods were utilized in this regard.

The metal graphene was then characterized.
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4.1 Synthesis of Ca/graphene

In the synthesis of Ca/graphene, precursor graphene gel was used. The graphene gel was
obtained by mixing dried reduced graphene with deionised water. This step could be done
parallel with the reduction step. A solution of Ca/Cl2 was made by mixing 1.542g of Ca/Clz
(purchased from ACE) with deionised water. The solution was then slowly added to the
graphene gel and the temperature was increased to 70 °C and was agitated for an hour. The
obtained solution was ultra-sonicated and centrifuged at 4000 rpm. The resultant precipitate
was washed vigorously with deionized water and centrifuged. Lastly, the obtained precipitate

was oven dried at 180 °C and then dried in a furnace for 2 min at 300°C.

4.1.1 Characterization

For elemental and surface characterization, XRF (X-ray Fluorescence) and TEM
(Transmission electron microscopy) were utilized. TEM was performed utilizing a JEOL Jem
2001F microscope that has an electron accelerating voltage. The voltage ranges from 80kV to
200Kv. The Ca/graphene samples were prepared on perforated copper grids that are coated
with carbon. For XRF analysis, A NitonTM XL3t XRF analyzer was used to analyze the

elemental make-up of the samples at ambient temperature.

4.1.1.1 X-ray Fluorescence (XRF)

X-ray fluorescence is an analysis technique that measures the fluorescent X-ray emitted from
a sample because of excitation by X-rays, was used to analyze the elemental composition of
the metal incorporated reduced graphene, reduced graphene and precursor graphite (Kalnicky
& Singhvi, 2001). From the elemental analysis results, graphite flakes consisted of carbon with
traces of Mn, Fe and Ca. New elements such as P and K were observed on the reduced graphene
primarily because H3PO4 and KMnOs were used during the process of oxidizing the graphite
flakes. The XRF results of the Ca/graphene showed an increase after of Ca metal on the surface
of reduced graphene. The calcium content before metal incorporation was 0.516 % and
increased to 8.227 %. These results prove that the Ca was successfully incorporated into the

graphene matrix.
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Table 4-1: Elemental comp. of the precursor graphite flakes

Graphite Flakes
Element %
Carbon 96.171
Calcium 0.516
Mn 2.623
Fe 0.47

Table 4-2: Elemental comp. of Ca decorated graphene samples

Ca-rGO
Element %
Carbon 75.426
Sulphur 3.809
Calcium 8.227
Mn 5.236
P 2.066
K 0.348

4.1.1.2 TEM Analysis

The surface characterization of the morphology of as-prepared metal/graphene, graphene oxide
and graphene was performed using Transmission electron microscope. Transmission electron
microscope is an analysis tool that utilizes an electron beam to image a high resolution
nanoparticle sample. The analysis gives indication of the morphology, grain size, nanoparticle
size and size distribution of materials. For the analysis, all the samples were prepared by
dissolving them in a solvent and then pipetting it on the holey carbon coated copper grids

(Texter, 2014).

Graphite flakes could not be exfoliated during sample preparation and the image captured
shows the graphitic nature of the flakes. Graphite oxide morphology image in figure 4-1 B,
depicts translucent sheets which are entangled on top of each other. Graphite Oxide was

detected to be unstable when the energy beam of the microscope was elevated relative to
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graphene. The reduced graphene image depicted on figure 4-1 C shows the morphology of the
material to be irregular shaped, layers with rough surfaces and appears semi-transparent. The
tangles and irregularity observed on the surface of reduced graphene are because of the partial

reduction of graphene with the reductant used (De Silva et al., 2018).

Figure 4-1: TEM morphological analysis of A. Graphite flakes B. GO, C. reduced graphene

4.2 Synthesis of Ni/Graphene

For the synthesis of Ni/Graphene nanocomposite, graphite oxide synthesized using modified
Hummers methods was utilized. Graphene gel, was prepared by mixing the dry graphite oxide
with de-ionized water. To prepare the nickel acetate solution, Ni((OAc)2)s about 2.51 g was
mixed with about 50 ml of deionized water. The Ni solution was added to the graphite oxide
gel at a ratio of 95:5 Ni to C. The resultant solution was ultra-sonicated at room temperature

for approximately 10 min. The solution turned dark brown.
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Approximately 10 ml lemon juice was added to the solution. The solution was stirred for an
hour. After, the pH of the solution was increased to 10 by adding 1M NaOH solution while
stirring. The mixture was stirred continuously for 10 min. The solution was then placed in a
tightly closed container and was heated at 70 °C for an hour. The temperature was further raised
to 95 °C for another 60 min. Lastly, the uniform mixture was centrifuged and the remaining
impurities were washed repeatedly with deionized water and the solution was centrifuged
again. Then the resultant precipitate was vacuum dried to obtain a powder of
Ni(OH)2/graphene. Finally, the precursor Ni(OH)2/graphene was reduced to Ni/graphene

nanocomposite through hydrogen thermal treatment for 3 hours at 350 °C.

4.2.1 Characterization

In this part of the work, for elemental analysis and surface morphology, HRTEM fitted with
EDX was used. HRTEM was performed utilizing a JEOL Jem 2001F microscope that has an
electron accelerating voltage. The voltage ranges from 80kV to 200Kv. The Ni/graphene
samples were prepared by adding the Ni/graphene powder in methanol. The solution was then
prepared on carbon coated copper grids and analyzed. Elemental analysis was simultaneously

using EDX on the TEM.

4.2.1.1 TEM Analysis

The TEM images of Ni(OH)2/graphene before reduction (which were used as a reference) and
after reduction can be observed on figure 4-2 below (images (a and c) before reduction and
images (b and d) after reduction). The average particle size of the Ni(OH)2 on the graphene had
an average size ranging between 23 - 70 nm. It can be observed in images ¢ and d on figure 4-
2 that after the thermal reduction of Ni(OH)2/graphene to Ni/graphene, the Ni particles on the
graphene matrix were uniformly dispersed over the graphene surface with an average particle
size of about 13 nm. The result of the elemental analysis of the Ni/graphene as depicted in
Table 4-3 proves a successful preparation of Ni/graphene nanocomposite. The elemental
analysis shows the presence of Ni (4.58%), O (10.29%) and C (86%) on the Ni/graphene

surface, which corresponds to the component ratio utilized for the synthesis method.
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Figure 4-2. TEM images at 100 nm and 200 nm of (a & c¢), Ni(OH)2/graphene and (b & d),
Ni/graphene.

TEM Elemental Analysis:

Table 4-3. Chemical analysis of Ni/graphene sample.

Sample C(%) O(%) Cu(%) Cl(%) Ni(%) Total (%)

Ni/Graphene 86 10.29 0.08 0.27 4.58 100
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CONCLUSION

The aim of this chapter was to develop metal/graphene nanocomposite for hydrogen storage
from precursor graphene. The XRF elemental results obtained for the Ca/graphene
nanocomposite showed the Ca content on the nanocomposite increased from 0.516 % to 8.227
%. The TEM images also showed the Ca particles uniformly dispersed over the graphene
matrix. The EDX elemental analysis of the Ni/graphene also showed an increase on the Ni
content on the surface of graphene and the TEM results also showed that the Ni particles were
uniformly dispersed on the surface of the graphene. These results, in effect, prove that the aims

of this chapter were successfully completed.
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5. HYDROGENATION OF THE NI/GRAPHENE AND CA/GRAPHENE
NANOCOMPOSITES AND CHARACTERIZATION TESTS THEREOF
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Introduction

Undeniably, fossil fuels have been an integral part of the human race since their discovery and
application globally. However, the impact on the environment has been severe and a need for
new sources of energy became a necessity (Houghton, 2001). Hydrogen as a clean source of
energy has gained a lot of attention as a replacement source for fossil fuels (Zaluska et al.,
2001). Various materials have been extensively studied in this regard and a material that ticks
all the on-board application requirements has not yet been developed. Amongst these materials,
graphene has gained considerable amount attention for hydrogen storage applications
(Venkatesan et al., 2015a). Theoretically, graphene as a single sheet of carbon atoms has been
predicted to have a hydrogen capacity of about 8.3 wt.%. However it has been acknowledged
that the theoretical studies around graphene for hydrogen storage are very far from practical
conditions (Diana C. Tranca & Gotthard Seifert, 2016). However, the theoretical studies
provide a deeper understanding for the hydrogenation process such as the strain and curvature
in graphene sheets influence the adsorption capacity (Diana C. Tranca & Gotthard Seifert,
2016)s.

Furthermore, Graphene has a large surface area which is approximately 2630 m?g™!, put into
practical use, this means graphene can theoretically be hydrogenated on both of its surfaces
(Choi et al., 2010). A graphene with fewer layers can adsorb hydrogen molecule in the
interlayer spacing and on the exposed surfaces of the top and bottom sheets (Jhi et al., 2004).
However these amounts are usually less and do not meet the minimum required amounts for
practical use. It then, became imperative to work around enhancing the hydrogen capacity of
these material through decoration with metals that have a hydrogen storage capacity (M. Wang,
2012). As such, a lot of work has been done to functionalized graphene in an attempt to enhance
its hydrogen storage capacity. In this chapter, the functionalized graphene nanocomposites
were charged with hydrogen at various pressures and then were tested for hydrogen storage.
To test the hydrogenation capacity of the as prepared metal/graphene nanocomposites and the

desorption thereof, the thermogravimetric analysis (TGA) and TPD were used respectively.
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5.1 Method: Ca/graphene nanocomposite

The Ca/graphene was charged with hydrogen in a 4540 Parr reactor at 10 bars and ambient
temperature for 30 minutes. The sample results were then analysed.

The hydrogen storage capacity of the synthesized Ca/graphene was analyzed by performing a
TGA analysis on hydrogen charged Ca/graphene and non-hydrogen charged Ca/graphene as a
reference point. During analysis, the Ca/graphene nanocomposite was heated at a rate of

10°C/min to 500 °C under inert conditions (N2) on the SDT Q600 Thermal Analyzer instrument.
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Figure 5-1: Hydrogen charging rig
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5.2 Results

Thermogravimetric analysis of Ca/graphene was performed and Figure 5-2 below shows the
weight loss of nanocomposite before and after reduction. The weight loss in the Ca/graphene

is ascribed to the labile oxygen groups and the adsorbed water on the Ca/graphene [23].

120
100
80 +

60 1

Weight loss %

40 A

20 1

0 100 200 300 400 500 600
Temperature (°C)
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Charged H2_NH3 50.97% Uncharged Sample NH3 45.99%

Figure: 5-2: TGA weight loss plot against temperature for the Ca/graphene samples

The hydrogen capacity of the material was examined by performing TGA on hydrogen charged
Ca/graphene and non-hydrogen charged Ca/graphene. The charged Ca/graphene had a total
weight loss of 50.97 wt.% and the non-charged Ca/graphene lost about 45.99%. The hydrogen
uptake was calculated to be 4.98 wt.%. These results prove that the hydrogen uptake of
graphene was improved through incorporating Calcium onto the graphene matrix. Graphene

reportedly has hydrogen uptake of about 2 wt.% at 50 bars and 77K [23].

5.3 Method: Ni/graphene nanocomposite

The Ni/graphene was charged with hydrogen in a 4540 Parr reactor at 0, 5 and 10 bars and
ambient temperature for 30 minutes. The hydrogen charged samples were firmly sealed and
then analysed for hydrogen uptake.

The hydrogen storage capacity test of Ni/graphene was done on the SDT Q600 Thermal
Analyzer instrument. Both the hydrogen charged Ni/graphene and non-charged Ni/graphene

were heated up at a ramp rate of 10°C/min under the constant flow of nitrogen. The hydrogen
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storage uptake of the sample was quantified using the weight percentage of the sample which
was taken as a function of temperature. The sample not charged with hydrogen (0 bar) was

used as a reference sample.

5.4 Results

The thermogravimetric results of the Ni/graphene nanocomposite can be observed in figure 5-
3 below. The Ni/Graphene used as reference point (non-hydrogen charged) depicted a lower
mass loss in comparison to the charged sample. The mass loss in this sample was due to the
removal of gas impurities and adsorbed moisture on the sample. The Ni/graphene charged with
hydrogen charged samples depicted a rapid decrease in mass with increasing temperature as
shown from Figure 5-3. Zhou et al. reported on the parameters that potentially affect the change
in mass of the samples charged with hydrogen when utilizing TGA: removal of gas toxins and
adsorbed water during the transfer process, elimination of water due to possible oxidation of
hydrogen at the presence of Ni during the transfer process, dehydrogenation and the reduction
of hydrogen in NiOx, and an irreversible interaction between hydrogen and Ni/graphene
nanocomposite during thermal treatment (Thakur & Karak, 2012; Thomsen & Reich, 2000;
Zhou et al., 2016).

Therefore, these assumptions were taken into account when quantifying the hydrogen uptake.
As mentioned above, the uncharged nanocomposite as a reference. The Ni/graphene
nanocomposite had a hydrogen uptake 0.25 wt.% at room temperature and pressure. The
hydrogen storage uptake increased with an increasing charging pressure and as such at 10 bars

the hydrogen storage uptake was 2.78 wt.%.
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CONCLUSION

The aim of this chapter was to test the hydrogen storage capacity of the synthesized
Ni/graphene and Ca/graphene. The synthesized nanocomposites were tested using the
thermogravimetric analysis. Considerations such as the removal of gas toxins and adsorbed
water were taken into account when quantifying the hydrogen storage uptake of the material.
The novel Ca/graphene has a hydrogen storage capacity of about 4.98 w% and Ni/graphene
has hydrogen storage capacity 2.78 wt.% both at 10 bars. The hydrogen uptake of graphene
was significantly improved by the incorporation of Ni and Ca into the graphene matrix. During
the hydrogenation process, it was observed that the hydrogen uptake increased with increasing
pressure. The results obtained prove that the aims of this chapter were successfully

accomplished.
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CHAPTER 6

6. EFFECTS OF REDUCTION OF GRAPHENE OXIDE ON THE
HYDROGEN STORAGE CAPACITIES OF METAL GRAPHENE

NANOCOMPOSITE
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Introduction

One of the mandate of sustainable development goals globally is to make the environment a
cleaner place. As such, the possibility of using hydrogen as an alternative source of energy has
garnered a lot of attention due to its zero emission characteristic to the environment, high
energy content and its abundant availability (Dutta & Pati, 2010) (Patchkovskii et al., 2005).
However, the major challenge with hydrogen is the storage. The storage of hydrogen is
governed by the US Department of Energy (DOE), which sets the standards for on-board
systems (Energy, 2018). To date, no material has fully met the DOE requirements for on-board
applications. Various materials have been experimentally tested for solid state storage of
hydrogen because gaseous and liquid storage of hydrogen pose cost and energy challenges
(Balandin et al., 2008; C. Lee et al., 2008; Venkatesan et al., 2015b). One of the material tested
for solid storage of hydrogen is graphene based material because graphene has intriguing
properties such as extra-ordinary mechanical strength, transport performance, increased
movement of charge carriers and high surface area (Balandin et al., 2008; Jiang et al., 2010; C.
Leeetal., 2008; S. Yang et al., 2011). Graphene is an allotrope of carbon which is characterized
by a monolayer of sp®> carbon atoms. Graphene can be synthesized through graphite
intercalation, chemical vapour deposition, micromechanical cleavage and the reduction of
graphite oxide (Geng et al., 2010; K. S. Kim et al., 2009; Xiang et al., 2012; Pei et al., 2018).

The reduction of graphite oxide has been the common route of producing graphene.

The method of reduction of graphene has an effect on the structure of graphene and thereby its
hydrogen storage capacity. It has been reported that thermally reduced graphene acquires a
significant number of structural defects which act as binding sites for hydrogen (C. Lee et al.,
2008) (Zhou & Szpunar, 2016). However Graphene alone as a physisorbent material does not
take up a lot of hydrogen and thereby has to be enhanced through the addition of active metals
for practical on-board applications. The incorporation of active nanometals on graphene helps
in tuning the electronic structure and surface morphology of graphene (C. Hu et al., 2013). A
number of metal/graphene nanocomposites have been synthesized in this regard and a lot of
DFT studies have been performed (Diana C. Tranca & Gotthard Seifert, 2016). A Pd/graphene
nanocomposite was synthesized with 6.7 wt.% at 50 bars (Zhou & Szpunar, 2016).

In this work ammonia and L-Ascorbic were used as reductants instead of hydrazine. Hydrazine
due to its hazardous nature and cost, remains undesirable as a reductant. Furthermore in this

work, different reduction techniques such as chemical reduction and thermal reduction are
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explored. Calcium was also used to improve the catalytic activity of graphene in the uptake of
hydrogen. The effect of the reduction techniques on the hydrogen storage capacity of graphene

and the metal incorporation thereof were studied.

6.1 Method

The method of synthesis is as described in chapter 3 discussed earlier. Improved Tour’s method
was utilized to synthesize graphene. Different reductants such as L-ascorbic acid, thermal
reduction and ammonia. The effect of the reductants on the hydrogen storage capacity was

evaluated.

6.2 Results and Discussion

6.2.1 Structure/texture characterization of the materials
6.2.1.1 Raman

As mentioned in chapter 3, Raman is a vibrational characterization technique that is sensitive
to geometric structure and bonding within molecules. Raman was utilized to detect the
structural differences during the oxidation process of graphite flakes and the reduction
processes of graphite oxide. In the Raman spectra, the important bands are the G, D and 2D
bands. Figure 6-1 shows the spectra graphite flakes A, graphite oxide B, NH3 reduced graphene
C and. Ascorbic acid reduced graphene D
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Figure 6-1: A. graphite flakes, B. GO, C. NHs reduced graphene D. Ascorbic acid reduced
graphene

The Raman spectra shown in figure 4(A) depicts the G band in graphite flakes at ~1582 cm™.
The G band position in graphite flakes is positioned in an in-plane mode. This mode is highly
sensitive to the number of layers in graphene and it involves sp hybridized carbon. The G band
shifted in reduced graphene to ~ 1598 cm™'. This shift observed is due to the increase on the
layer thickness of the material and the increase in lay thickness results in the band shifting
towards a lower energy position. The number of layers available in a material can be correlated

to the band position using this correlation:

wg = 1581.6 + ———[17]

(1+n16)

The temperature affects the G band and during the reduction step, as such the temperature was
kept constant. The D band can be observed approximately between 1327-1342 cm’!
wavelength. This band is the disorder band which only appears in the presence of defects.
Defects occur during the oxidation and reduction processes in the synthesis of graphene. The
D band for graphite flakes can be observed at ~1324 cm™!, for graphite oxide at ~1332 cm’!
and for reduced graphene it appears around ~1340 cm™'. The graphite flakes D band has a low
intensity because it has defects. Again, on the graphite flakes spectrum, the 2D band can be
seen at ~2714 cm’! wavelength. The 2D band can be observed because of the vibrational
process of the two phonon lattice. The increase in number of layers affects the intensity of this

band and symmetry resulting in the decrease of this band.
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The I, /1; intensity ratio was increased from 0.84 graphite oxide to 1.19 in ammonia reduced
graphene and 1.21 in ascorbic reduced graphene. This was indicative of the formation sp?

domains and the reduction of the functional groups on the plane

6.2.1.2 XRD

As discussed in chapter 3, X-ray diffraction is a non-destructive analysis for analyzing
crystalline materials. XRD functions by scattering of x-ray photons using atoms in a periodic
lattice. The smattered x-rays in the phase provide constructive interference. This gives an
indication of structural parameters, crystals defects, phases, crystal orientation and

crystallinity.

The XRD results are shown below on figure 5. Before the analysis of the synthesized samples,
some of the samples were crushed to obtain powder. In these results, a very sharp peak at ~26
= 30° can be observed in graphite flakes spectrum. This corresponds to the hexagonal
arrangement in the materials and in the packing of atomic layers within the material. In the GO
spectrum, the angle shifts lower due the oxidation of the crystalline structure that results in
increased interplanar spacing. The GO peak corresponds to the doo1 plane and can be observed
at ~ 260 = 11.3°. Furthermore, the broadness of the GO peak confirms the presence of functional
groups in the material due to the oxidation process. The reduced graphite oxide oxidation peaks
in spectrum C, are observed to decrease due to the reduction process. These results confirm
that the graphite was successfully oxidized and subsequently reduced. For the reduction step,
a broad peak can be observed on the ascorbic reduced graphene which indicates loss of
crystallinity and extreme decrease in the interplanar spacing (Oliveira, 2018). The results show

that graphite was successfully oxidized and reduced with L-Ascorbic acid.
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Figure 6-2: XRD patters of the samples where A. graphite flakes, B.GO, C. Ascorbic acid
reduced graphene D. NH3 reduced graphene, E. Thermally reduced graphene

6.2.1.3 FTIR Results

Fourier transform infrared spectroscopy is an analysis method that is utilized to detect
polymeric and organic materials. This method utilizes infrared light to scan test samples and
detect their chemical properties. The bonds within and between different materials absorb light
and various frequencies. The absorbance by the material gives indications to the materials
molecular structure and composition.

The FTIR spectroscopy is also associated with molecular vibrations or atomic vibrations within
a material. These vibrations are utilized to detect functional groups by analyzing the
frequencies to detect molecules. The FTIR spectra detected several functional groups: O-H

(3422 cm™) stretching vibrations, C=0 (1719-1754 cm") vibrations, C=C (1595-1623 cm™")
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vibrations and C-O (1215-1252 ¢cm™) vibrations. The OH- stretch which can be seen on the
samples is because of the presence of water in the graphene layers. The observed reduction in
the intensity on the bands is due to the reduction process. Therefore, this affirms that graphite
oxide was successfully reduced. The decline in the intensity of the bands can be visibly
observed for the samples reduced with Ascorbic acid, while the ammonia reduced graphene
spectra shows minimal change in the intensity of the bands. Therefore this confirms that

graphite oxide was successfully reduced with Ascorbic while it was partially reduced with

ammonia.
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Figure 6-3: FTIR spectra A. Graphite B. GO, C. Ascorbic acid reduced graphene D. NH3

reduced graphene

6.2.1.5 TEM Analysis

The surface characterization of the morphology of as-prepared metal/graphene, graphene oxide
and graphene was performed using Transmission electron microscope. Transmission electron
microscope is an analysis tool that utilizes an electron beam to image a high resolution
nanoparticle sample. The analysis gives indication of the morphology, grain size, nanoparticle
size and size distribution of materials. For the analysis, all the samples were prepared by

dissolving them in a solvent and then pipetting it on the holey carbon coated copper grids.

Graphene reduced with ammonia, L-Ascorbic acid and thermally reduced graphene can be
observed in Figure 6 C, D and E respectively. Ammonia reduced graphene (Figure 6 (C)) looks
semi-transparent and the morphology depicts irregular shaped layers with irregular surfaces.
The irregularity and tangles on the surface are because of the partial reduction of graphene with
ammonia. L-Ascorbic reduced graphene (Figure 6 (D)) depicts more transparent layers with
folding and wrinkles both on the edges and surface of the structure. Thermally reduced
graphene (Figure 6 (E)) depicts flat layers which are layered. The rough surfaces on the edges
and irregularity in the shape can also be seen on the captured image. Figure 6 (F) ammonia
reduced and (G) L-Ascorbic reduced depicts observable particles of calcium on the surface

which were previously not observed.
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Figure 6-4: TEM morphological analysis of A. Graphite flakes B. GO, C. Ammonia acid
reduced graphene D. L-Ascorbic reduced graphene E. Thermally reduced graphene F.
Ca/Graphene_ Ammonia G. Ca/Graphene L-Ascorbic acid

6.3 Thermogravimetric Analysis

Thermogravimetric analysis of Ca/graphene was performed and Figure 6-5 below shows the
weight loss of nanocomposite before and after reduction. The weight loss in the Ca/graphene
is ascribed to the labile oxygen groups and the adsorbed water on the Ca/graphene (Kanishka
et al., 2018).
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Figure 6-5: TGA weight loss plot against temperature for the Ca/graphene samples reduced

with ammonia and Ascorbic acid before and after hydrogen charging

The hydrogen capacity of the material was examined by performing TGA on hydrogen charged
Ca/graphene and non-hydrogen charged Ca/graphene for both samples reduced with ammonia
and L-Ascorbic acid. The charged Ca/graphene reduced with ammonia had a total weight loss
of 50.97 wt% and the non-charged Ca/graphene lost about 45.99%. The hydrogen uptake was
calculated to be 4.98 wt.%. The charged Ca/graphene reduced with L-Ascorbic acid had a
weight loss of about 36.31 wt.% and 40.30 wt% before and after charging respectively. The
hydrogen uptake for the L-ascorbic reduced graphene was 3.99 wt.%. These results prove that
the hydrogen uptake of graphene was improved through incorporating Calcium onto the
graphene matrix. Graphene reportedly has hydrogen uptake of about 2 wt.% at 50 bars and 77K
(Sterlin et al., 2014). Ammonia as a reductant has a N-doping effect on the graphene and
improves the hydrogen uptake. In the results, this can be observed, the ammonia reduced
Ca/graphene had a hydrogen storage capacity above that of the L-ascorbic reduced
Ca/graphene.
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CONCLUSION

In this chapter, the aim was to investigate the effects of reduction of graphene on the hydrogen
storage capacity of the as prepared metal/graphene nanocomposite. The characterization results
presented in this chapter showed from the XRD and FTIR results, L-Ascorbic acid reduced the
graphene better than ammonia. However, the ammonia had a nitrogen doping effect on the
graphene and this enhances the hydrogen uptake of the material. In the hydrogen storage
results, it was observed that the Ca/graphene reduced with ammonia had a higher hydrogen
uptake at 4.98 wt.% compared to the Ca/graphene reduced with L-Ascorbic acid which had a
hydrogen storage uptake of 3.99 wt%. The reduction with ammonia enhanced the hydrogen

storage capacity.
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7. REACTION MECHANISM & DESORPTION KINETICS OF
GRAPHENE BASED NANOCOMPOSITE FOR HYDROGEN STORAGE
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Introduction

The development of advanced nanocomposites, nanostructures and nanotechnologies has
pioneered advanced and fast growing research that depicts potential in the fulfillment of the
practical requirements for hydrogen storage (Pumera, 2011). Hydrogen as a carbon free
alternative source of energy, has been researched extensively for hydrogen storage applications
(Abe et al., 2019; Ruse et al., 2018; Sterlin Leo Hudson et al., 2014). A lot of materials, which
are classified under chemisorption materials or physisorption materials, have been researched
for practical hydrogen storage applications. Physisorption materials are materials that bind with
weak Van der Waals forces resulting in these materials to have fast kinetics compared to
chemisorption materials however physisorption materials have very low hydrogen storage
capacity (Jhi et al., 2004; Nijkamp et al., 2001). Chemisorption materials on the other hand,
form a stronger bond with materials they bond with and these materials are very stable. This
results in chemisorption materials having slow kinetics and requiring very high temperatures
to release the hydrogen. Chemisorption materials however have high hydrogen storage capacity
(Energy, 2018; Liang et al., 1999). Nanotechnology has been effectively and efficiently
employed to address the issue of kinetics in hydrogen storage materials (Schlapbach & Ziittel,
2001).

Furthermore, nanomaterials permit favorable charge, mass and heat transfer, these are added
advantages when considering practical application of these materials for on board applications
(Bououdina et al., 2006a; Ruse et al., 2018). In addition, nanomaterials assist in dimensional
alteration of particular phase transitions and chemical reactions. Nanomaterials not only help
and aid in the kinetics of hydrogen storage materials, but they also help to destabilize the
thermodynamics of chemisorption materials (M. Wang, 2012).

In this chapter, the kinetics of both the Ca/graphene and Ni/graphene were investigated to
further understand the interaction of the graphene with molecular hydrogen. To understand the
kinetics of the material various characterization techniques were done on the material. The
thermodynamics of the materials, were also investigated to get a better understanding of
whether the nanocomposites synthesized are within the requirements of the Department of

Energy for practical on board applications in hydrogen storage.
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7.1 Method

In this chapter, the reaction mechanism and desorption kinetics of the Ca/graphene and
Ni/graphene were evaluated. The metal graphene nanocomposites herein were characterized
using Thermo-gravimetric analysis. To avoid repetition, the detailed method of the TGA
analysis procedure was detailed and described above in the previous chapters. For the TPD
analysis, an AutoChemTM II 2920 with automated catalyst characterization system was used
to detect the desorption kinetics of the material. The TPD instrument is coupled to a quadrupole

mass spectrometer.

7.2 Reaction mechanism of Ca/graphene

Charging H2 H2 Charged Calcium
iy Graphene

H2

H2

H2 does not
dissociate
(Kubas Interactioﬁ}

Ca/Graphene

Figure 7-1: Reaction mechanism of the Ca/graphene nanocomposite

The figure 7-1 shows a graphical representation of the reaction mechanism of the Ca/graphene
nanocomposite. The results attained for the structural characterization of the Ca/graphene
developed and hydrogen storage properties thereof, may be explained as proposed in by Tranca
et.al (Diana C. Tranca & Gotthard Seifert, 2016). The calcium clusters or atoms are restrained
at the carbon nanostructure and can bind hydrogen molecules without dissociating through

unidirectional polarization or the so called Kubas interaction (De Silva et al., 2018).
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This results in binding energies with up to almost 1 eV/H2-molecule considerably larger than
with “pristine” graphene (0.07 eV/H2) (Heine et al., 2004). The occurrence of Ca particles on
the graphene matrix increases the binding energy and thereby facilitates the adsorption of

hydrogen molecule due to the polarization of the hydrogen molecule.

7.3 Reaction mechanism of the Ni/graphene nanocomposite
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Figure 7-2: Reaction mechanism of the Ni/graphene nanocomposite

For the Ni/graphene nanocomposite, the reaction mechanism is proposed based on the
structural analysis of the hydrogen charged Ni/graphene nanocomposite and the hydrogen
storage properties of the nanocomposite. The results show the possibility of the non-
dissociation of molecular hydrogen on the surface of the graphene. Molecular hydrogen
adheres to the surface of the Ni-particles. Multiple hydrogen molecules can adhere on the Ni
particles, however these anchored molecules may dissociate at the surface into atomic
hydrogen atoms due to the presence of Ni (Zhou et al., 2016). The dissociation of the hydrogen
molecule leads to the formation of the nickel hydride (NiHx). During the hydrogenation
process of graphene, atomic hydrogen migrate into the graphene support through the Ni-
graphene interface and this facilitates hydrogen spill over. The dissociated atoms are trapped

at the unsaturated sites of the graphene matrix.
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7.4 Temperature Programmed Desorption Method

In this step, Temperature programmed desorption (TPD) analysis was performed on the
synthesized metal/graphene nanocomposites. TPD is an analysis method that gives an
indication of desorbed molecules from a surface when the surface temperature is elevated. The
samples were analyzed on a TPD instrument that is followed by mass spectrometry. The
samples were analyzed in a continuous flow reactor connected to a quadrupole mass
spectrometer. The samples were heated with a linear temperature ramp, giving:

Ty =To + Bt

Where T is the temperature, t = time and = heating rate.

Time (sec)

0.00 50.00 100.00 150.00 200.00 250.00 300.00
Temperature (°C)

Figure 7-3: Temperature ramp rate of the metal/graphene nanocomposites.

The metal/graphene nanocomposites’ desorption rate can be calculated using the Polanyi-
Wigner equation which is given as:
do Ep_

v=——=1v.0"eKsT

dt

Where T is the temperature, Es is the binding energy, n is the desorption order, Kz is the
Boltzmann constant and 8 is the relative coverage of the surface. Figure (6) shows the linearity
of the temperature ramp against time proving that the temperature was controlled in a stable
manner. The temperature was ramped and left at 250 to make sure that all strongly bound
species were removed and to activate the sample for the adsorption step. The linearity ramp of

the temperature is important in the calculation of the desorption rate.
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7.5 Results: Desorption profiles
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Figure 7-4: TPD-MS desorption profiles

Figure 7-4 gives an indication of the desorption profiles of the synthesized metal
nanocomposite. On the figure, the area under peak, obtained from the TPD desorption profiles
of this analysis is proportional to the amount of gas originally adsorbed on the surface. On the
method, the temperature was ramped to 250 °C linearly. This is to ensure that all strongly bound

species were detached and to activate the sample for the adsorption step.

The temperature ramp was done again the second to 250 °C at ramp rate of 10 °C/min while
flowing helium. As the temperature was elevated the hydrogen was desorbed from the surface
at a temperature of about 100 °C, the hydrogen was taken up again and then desorbed again at
a temperature of about 150 °C. The theoretical calculated desorption temperature for Ca
hydride is around 250 °C and with these result it can be observed that the desorption

temperature was significantly reduced.
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CONCLUSION

The aim of this chapter was analyse the reaction mechanism of the synthesized Ni/graphene
and Ca/graphene nanocomposites. The reaction mechanism proposed were based on the
structural characterization of the nanocomposites and the hydrogen storage uptake of the
composites. The reaction of the mechanism of the Ca/graphene was explained through the
Kubas interaction theory and Ni/graphene was also explained through two possibilities, the
dissociation of the hydrogen molecule at the surface and the non-dissociation of the hydrogen
molecule at the surface. Furthermore, the desorption kinetics of the nanocomposites were
evaluated. The desorption temperature was around 150 °C for Ca/graphene and according to
literature the desorption temperature of the Ca hydride is around 250 °C. The incorporation of
graphene had a significant effect. These results have shown that the aims of the project were

achieved through the significant decrease of the desorption temperature of Ca.
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CHAPTER 8

8. TECHNO-ECONOMIC ASSESSEMENT OF CA/GRAPHENE
NANOCOMPOSITE

Introduction

The Department of Energy requirements for onboard applications amongst others include the
system cost for practical applicable hydrogen storage materials. The research surrounding
hydrogen storage has advanced in the hydrogen storage capacity spectrum, mainly in terms of
volume and density storage capacity research however not much attention has been focused on
the other requirements by the DOE for hydrogen storage materials. In this regard, Energy
storage systems must be sustainable and all rounded in terms of the required requirements for
hybrid systems. As a remainder, the department of Energy requirements for materials
applicable for practical on-board storage include volumetric capacity, hydrogen storage
capacity in terms of the density, specific storage system costs, durability and operability, fuel
cost, minimum and maximum desorption temperature from the hydrogen tank, cycle life
variation, charging and discharging rates, minimum full-flow rate, delivery pressure from
hydrogen storage system, start time to full flow at minimum ambient, environment, health and
safety, start time to full flow, purity, transient response 10% to 90% and 90% to 10% and lastly
the hydrogen loss (Energy, 2018).

In this chapter, the cost of the ca/graphene synthesized in this work was evaluated. This
encompasses costs for compression, chemical recovery, liquefaction. The cost of regenerating
will also be considered for this material. The cost calculations in this chapter are independent
of the hydrogen production pathway. As indicated by the DoE under their systems and fuel

cost calculations, an approximate cost of hydrogen of about 1.6$/kg was used.
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8.1 DOE Economic consideration

The economic evaluation performed herein below does not take into consideration the
production of hydrogen, and will thereby make an assumption of the cost of hydrogen based
on figures given by the Department of Energy in the US, which is estimated at 1.6$/kg (IEA,
2020). Another important fact to consider is that costs are subject to variations due to external
influencers such as inflation, regulations and utilities; as such, the determination of future costs
is then uncertain (Mueller-Langer et al., 2007). The economic analysis is performed as per the
requirements of the DOE for hydrogen storage. To paint a clear picture with regards to the
considerations and limitations taken into account, the definitions of the relevant cost are

defined as per the requirements of DOE for practical hydrogen storage.

Specific storage system cost:

This DoE requirement looks at the total simulated costs for the on board hydrogen storage
system. This includes the storage media, hardware media and an estimate for the costs of
components that may have to be repaired and replaced in order to maintain an operative cycle
of 150 000 miles (241 400 km) in a vehicle (Freedom CAR; Fuel Partnership, 2005). It is
notable that the onboard hydrogen storage system will not reach low cost of fuel in present
vehicles however the societal benefits of hybrid vehicles combined with the improved vehicle
efficiency compensate for this. The DoE system cost in 2015 was targeted at $2/kWh
(R35/kWh) (Freedom CAR; Fuel Partnership, 2005).

Fuel cost:

This DoE standard refers to the cost of chemical hydrogen storage systems that are fabricated
off-board. These costs include chemical recovery, liquefaction, costs for compression and
delivery. This cost, is not associated with the manufacturing pathway of hydrogen (i.e.
electrolysis, methane steam reforming, electrolysis of water etc.). The fuel cost requirement by
the DoE for 2020 and 2025 are 4$/gge (gallon gasoline equivalent) which is also equivalent to
$/kg of hydrogen (Freedom CAR; Fuel Partnership, 2005).

Targets vs current technology status

The R&D community and technology developers have provided an approximation for current

status data regarding the hydrogen storage cost. The estimates are made due to the complexity
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of estimating system level costs when research is still at the stage of material development. The
diagram shows the current technology status and the DoE targets over the years. From the graph
it is evident that majority of the technologies do not meet the requirements for practical

hydrogen storage (Freedom CAR; Fuel Partnership, 2005).

Cost (S/kWh)

Gas (5 000 psi)

Gas (10 000 psi)

Liquid H2

Complex Metal Hydrides

Chemical Hydrides

2025 Target
2020 Target 10
2018 Target 4

2015 Target [ >

0 2 4 6 8 10 12 14 16 18 20

$/kWh

Figure 8-1: Cost of current technology vs DoE targets

It is good to note that each technology presented above has an important and unique influence
on the delivery cost of hydrogen. A technology that utilized low temperatures and low pressure
automatically lowers the cost of the capital investment required for heat transfer and
compression during the hydrogenation and dehydrogenation cycles (Mueller-Langer et al.,
2007). For this reason, in this work a cheaper material was utilized for hydrogen storage.
Furthermore graphene lower the temperature needed to release the hydrogen after

hydrogenation reactions.
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8.2 Ca/Graphene cost analysis
Synthesis and synthesis parameters

Various synthesis methods for precursor graphene were evaluated. The experiments carried out
were done at laboratory scale. The Improved Tours Method, Hummers method and Modified
hummers method were evaluated in this regard. The diagram below shows the different

synthesis steps from the evaluated methods for graphene synthesis:

Improved Tours Modified Hummers Hummers Method
Method Method

|
\ \ \
[}
\
l /
[}

Figure 8-2: Synthesis methods for reduced graphene

The capital expenses were evaluated for the three synthesis processes above for the synthesis
of precursor graphene. The graphene nanocomposite was synthesized using the simple and

cheap solution mixing method.
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Cost of synthesis

For the cost analysis, a process based cost estimation was utilized to evaluate the production
of graphene through the 3 process synthesis methods proposed above. This methodology
determines the capital cost by adding all the incurred cost in each synthesis step (oxidation,
centrifugation, reduction, drying etc.) of the process and imitates the actual steps of

manufacturing.

In this cost analysis method, for each step in the synthesis process the cost are simulated based
on the material utilized, labor and machine operational time to finish each step in the synthesis
method and the cost of the equipment utilized in the synthesis process. The cost estimation is
a class 4 estimation. The price quotes for the chemical reagents utilized in each synthesis
method were obtained from chemical suppliers (Sigma Aldrich) (Aldrich, 2020). The cost
quotes for equipment was also obtained from equipment suppliers. To determine the
subsequent manufacturing costs, standard manufacturing and labor rates were utilized
(DeSantis et al., 2017). The projected capital cost (which is the cost estimate Cest) is calculated
as the sum of the manufacturing costs (Cman) and the material cost (Cmat)

Cest= Cman + Crat

Based on the miles (km’s) for hybrid car, the cost estimation was done over a 3 year period.

The table below has an overview of the assumptions made:

Table 8-1: Overview of Assumptions

Description Typical values

Inflation rate 4.7%

Internal interest rate 10%

Economic lifetime 3 years

Chemicals Prices are subject to change yearly due
to inflation rate at 4.7%

Equipment 50% of total cost will be used for

maintenance and contingencies
Electricity 0.965 Rand/kWh

Water Water costs are also subject to change
due to demand
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Synthesis Cost:

Table 8-2: Synthesis costs: Variable and fixed costs

Description Typical values
Variable Costs
Reagents for synthesis

Improved Tours Method R72 333.00

Hummers Method R65 566.00

Modified Hummers method R71 325.00

Utilities (Water and Electricity) See Appendix A

Labour cost R 1035198

Miscellaneous materials Negligible

Fixed Costs

Maintenance cost 10-12 % of total cost of equipment
Laboratory characterization 30% of the synthesis cost
Laboratory equipment R108 015.69

The fuel cost was calculated in this section for 3 different synthesis. The cost of graphene based
fuel for Improved Tours method, Hummers method and modified hummers method was
14.36%/kg of hydrogen, 13.96 $/kg of hydrogen and 14.308/kg of hydrogen respectively. These
costs are cheaper than complex metal hydrides and the gaseous storage of hydrogen. The final
price was calculated by calculating the total cost of synthesis (reagents, equipment,
maintenance, characterization and utilities) and using the current market size of hydrogen cars
which is currently at 6558 units, according to the DOE statistics. Although the Hummers
method has a cheaper synthesis method, however the synthesis method is not environmentally
friendly due to the use of hydrazine as a reductant in the process. In order, to avoid
governmental emission fines which may results in the overall cost increasing, Improved Tours
method was opted for. The total capital cost for the Improved method was R 1 620 905.96,
Hummers method: R 1 574 213.66 and modified hummers method R 1 613 950.76 over a 3
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years period, the bar graph shows these figures below. Again, these cost estimates are at

laboratory scale.

1630000 - Improved Tours
Method

Modified
Hummers
Method

1620000 -

1610000 -

1600000 -

1590000 -

Hummers

1580000 - method

1570000 -

Total Capital Cost (Rands)

1560000 -

1550000

1 2 3
Synthesis Method

Figure 8-3: Capital Cost of Various synthesis groups

The detailed costs tables can be found in the Appendix. After the synthesis, the test were carried
out on the hydrogen storage below on the figure below. However, the economics around the
hydrogen rig were not done. The cost of material was considered. As mentioned above, the
overall system cost calculations are complex and laboratory based. This means any results
obtained would have a great margin of error because the DOE system costs are based on

practical systems.
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CONCLUSION

In this chapter, an economic analysis was performed for the Ca/graphene prepared for hydrogen
storage. In the analysis, three synthesis methods were taken into consideration for the analysis;
Improved Tours method, Hummers method and Modified Hummers Method respectively. The
capital cost for each method at laboratory scale was calculated to be: R1 620 905.961, R1 574
213.661 and R1 613 950.761 respectively. The projected fuel cost was calculated to be: 14.36
$/kg Ha, 13.96 $/kg Hz and 14.30 $/kg Ha for Improved Tours Method, Hummers method and
modified Hummers method respectively (calculated at the exchange rate of 17.409 rand to
dollar). The cost obtained was found to be cheaper than projected cost for complex hydrides
(16%/kg Hz) and gaseous hydrogen (at 18$/kg H2) however the cost was slightly more than the
DOE target. More optimization and simulation would have to be performed to obtain optimum

price for graphene nanocomposites.
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APPENDIX A:
Improved Tours Method:

Reagents quote:

Chemicals Sigma Aldrich Quantity used

per run
Unit Price

Sulphuric acid 98% 10L R1 818.00 R7272.00 40 ml

Phosphoric acid 85% 10L R3 762.00 R15 048.00 360 ml

Hydrogen peroxide 30% 2L R2 399.00 R9 596.00 3ml

KMnO499%, 5kg R1616.00 R8 080.00 18¢g

Graphite flakes 24kg R3 698.00 R7396.00 9¢

L-Ascorbic Acid 6 kg R4 573.00 R13 719.00 5.28¢g

CaCl2 5kg R5611.00 R11 222.00 1.542 g

Equipment Quote

Oven R20 717.00

Centrifuge R19 644.48

Ultrasonicator R7 625.88

Thermometers R3 829.60

pH meter R8471.13

Hot plate with stirrer R2 070.34

Ice maker machine R10999.00

General lab equipment (Beakers, measuring cylinder ~ R30 000.00

etc.)

Weighing balance R4 658.26




Hummers Method:

Chemicals Sigma Aldrich Quantity used
Unit Price

Sulphuric acid 98% R1 818.00 R7272.00 400 ml

10L

NaNOs 10 kg R2 550.00 R10200.00 9¢

Hydrogen peroxide R2399.00 R9 596.00 120 ml

30% 2L

KMnO4 99%, Skg R1616.00 R8 080.00 18¢g

Graphite flakes 24kg R3 698.00 R7396.00 9¢

Hydrazine Skg R2 360.00 R11 800.00 572 mg

CaCl2 5kg R5611.00 R11222.00 1.542 ¢
Modified Hummers Method:

Chemicals Sigma Aldrich Quantity used

Sulphuric acid 98% 10L R1 818.00 R7272.00 70 ml

Hydrogen peroxide 30% 2L R2 399.00 R9 596.00 20 ml

KMnOs 99%, 5kg R1616.00 R8 080.00 9¢g

Graphite flakes 24kg R3 698.00 R7 396.00 3g

Hydrazine 5kg R2 360.00 R11 800.00 572 mg

HCI37% 10L R2 125.00 R8 500.00 15 ml

NaOH 12kg ACS reagent, R7459.00 R7459.00 9¢

>97.0%, pellets

CaCl2 5kg R5611.00 R11222.00 1.542 ¢
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CHAPTER 9

9. OVERALL CONCLUSION & RECOMMENDATION

9.1 SUMMARY

The heavy use of fossil fuels and its negative effects on the environment have pushed the world
to a point where green methods have to be implemented. Environmental issues like global
warming and acid rain are direct consequences of utilizing fossil fuels, thus cleaner sources
such as hydrogen are gathering a lot of attention as replacement sources of energy. However,
storing hydrogen in a manner that meets the DoE standards has been the hindering factor in the

application of these materials.

The main aim of this research project according to the initial proposal submitted, is to develop
graphene nanocomposites for the hydrogen storage at low temperature, taking an opportunity
at the gap in this research that is has not yet been satisfied (to date, no material meets the
standards of the DoE for hydrogen storage). In this regard, various materials have been studied
for hydrogen storage. However, the kinetics and thermodynamics of these materials however
have hindered their application as an alternative energy. The main objectives of the project are

stipulated below, as stated in the initial proposal:

RESEARCH AIM AND OBJECTIVE(S):

The aim of this research project were to develop hydrogen storage system based on nano-metal
— graphene materials.

To fulfill the aim of this research project, the below objectives were followed
e Synthesis of nano metals for hydrogen storage system
e Development of nano metals — graphene system as hydrogen storage material
e Characterization of the synthesised material
e Laboratory assessment of the storage systems

e Economic analysis of the developed hydrogen storage system
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9.2 OUTCOMES OF RESEARCH

Precursor graphene was synthesized using Improved Tours method and modified Hummers
method. The graphene thereafter was successfully decorated with Ca and Ni atoms for
hydrogen storage. The graphene nanocomposites were successfully hydrogenated and tested
for hydrogen storage. An economic analysis was performed for Ca/graphene. Below is

summary of the overall results:

e Graphite flakes were successfully oxidized to graphite oxide. The success of this
synthesis step can observed in the characterization results presented above. FTIR
showed the presence of functional groups after oxidizing graphite flakes, XRD results
depicted a shift in the graphite flakes peak at ~26 = 30° due to the oxidation process
and lastly the Raman characterization showed the defects on the graphite flakes after
oxidation. The reduction of graphite oxide was also successfully completed as observed

in the characterization results.

e The XRF elemental results obtained for the Ca/graphene nanocomposite showed the Ca
content on the nanocomposite increased from 0.516 % to 8.227 %. The TEM images
also showed the Ca particles uniformly dispersed over the graphene matrix. The EDX
elemental analysis of the Ni/graphene also showed an increase on the Ni content on the
surface of graphene and the TEM results also showed that the Ni particles were
uniformly dispersed on the surface of the graphene. These results, in effect, prove that

the aims of this chapter were successfully completed.

e The synthesized nanocomposites were tested using the thermogravimetric analysis.
Considerations such as the removal of gas toxins and adsorbed water were taken into
account when quantifying the hydrogen storage uptake of the material. The novel
Ca/graphene has a hydrogen storage capacity of about 4.98 w% and Ni/graphene has
hydrogen storage capacity 2.78 wt% both at 10 bars. The hydrogen uptake of graphene
was significantly improved by the incorporation of Ni and Ca into the graphene matrix.
During the hydrogenation process, it was observed that the hydrogen uptake increased
with increasing pressure. The results obtained prove that the aims of this chapter were

successfully accomplished.
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e The reaction mechanism proposed were based on the structural characterization of the
nanocomposites and the hydrogen storage uptake of the composites. The reaction of the
mechanism of the Ca/graphene was explained through the Kubas interaction theory and
Ni/graphene was also explained through two possibilities, the dissociation of the
hydrogen molecule at the surface and the non-dissociation of the hydrogen molecule at
the surface. Furthermore, the desorption kinetics of the nanocomposites were evaluated.
The desorption temperature was around 150 °C for Ca/graphene and according to
literature the desorption temperature of the Ca hydride is around 250 °C. The
incorporation of graphene had a significant effect. These results have shown that the
aims of the project were achieved through the significant decrease of the desorption

temperature of Ca.

¢ In the analysis, three synthesis methods were taken into consideration for the analysis;
Improved Tours method, Hummers method and Modified Hummers Method
respectively. The capital cost for each method at laboratory scale was calculated to be:
R1 620 905.961, R1 574 213.661 and R1 613 950.761 respectively. The projected fuel
cost was calculated to be: 14.36 $/kg H2, 13.96 $/kg H2 and 14.30 $/kg H2 for
Improved Tours Method, Hummers method and modified Hummers method
respectively (calculated at the exchange rate of 17.409 rand to dollar). The cost obtained
was found to be cheaper than projected cost for complex hydrides (16$/kg H2) and
gaseous hydrogen (at 18%/kg H2) however the cost was slightly more than the DOE
target. More optimization and simulation would have to be performed to obtain

optimum price for graphene nanocomposites.

9.3 HIGHLIGHTS:

¢ A novel Ca/graphene nanocomposite was synthesized in this work.

e According to theoretical studies on Ca for hydrogen storage, the desorption temperature
of this material is around 250°C. The synthesized Ca/graphene nanocomposite released

hydrogen at 150°C.
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9.4 RECOMMENDATIONS:

Although a lot of research has been done with hydrogen storage material, the gap is still wide
open because no material to date has met all the requirements for practical hydrogen storage
materials. PhD research will be pursued to continue the work with the graphene

nanocomposites for hydrogen storage.
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