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Abstract

Pollution and global warming can result from the rapid usage of fossil fuel resources. In
the future, fossil fuels will be run out. As a result, renewable and clean energy sources such
as hydrogen technologies may be a good choice to be developed. Many renewable energy
sources, have drawbacks, such as high storage and transition costs. One method is to store
energy chemically as a clean fuel. Hydrogen have one of the greatest possibilities due to its

availability, high energy density, and ability to be produced sustainably.

Currently, the most mature hydrogen storage technologies are compressed gas tanks and
liquid hydrogen storage. However, both approaches face certain limitations. For
compressed gas tanks, hydrogen’s low density requires a large storage volume; applying
high pressure can reduce the volume, but this necessitates tank materials with exceptional
compressive strength. Liquid hydrogen storage, on the other hand, requires cryogenic
conditions at approximately -253 °C, which poses significant technical and economic
challenges. In this context, the development of solid-state hydrogen storage emerges as a
promising alternative, as it offers greater stability compared with gaseous or liquid
hydrogen and enables higher volumetric storage capacity relative to weight. Nevertheless,
the practical application of solid-state storage still faces critical challenges, including
limited reversibility, high desorption temperatures, and insufficient hydrogen release rates.
Therefore, this study investigates five representative solid-state hydrogen storage systems
to elucidate their properties and characteristics, thereby providing insights for the future

development of solid-state hydrogen storage technologies.

This thesis investigated the dehydrogenation kinetics and reaction mechanisms of five
hydride systems: NaH-NaOH, NaAlHs;-NaOH, NaBHs-NaOH, CasMgsHi4-NaH, and
NaAlH4/MgH>-Guanidine(CHsN3). The selection of these systems was based on their
potential for practical hydrogen storage. Sodium-based hydrides and hydroxides are
inexpensive, lightweight, and exhibit relatively high theoretical hydrogen capacities,
making them promising candidates for large-scale applications. The NaH-NaOH,
NaAlH4-NaOH, and NaBH4-NaOH systems were studied to evaluate the influence of
hydroxide incorporation on the hydrogen release behaviour of simple and complex sodium
hydrides. The CasMg3H4-NaH system was chosen as a mixed alkaline composite, where
synergistic effects may arise from multicomponent interactions. In addition, the
NaAlHs+/MgH»>-Guanidine(CHsN3) system was introduced as an organic-inorganic hybrid,
providing a new strategy to improve dehydrogenation pathways through organic molecular.
Through thermal treatment, ball milling, catalyst addition, and variations in molar ratios,

the dehydrogenation behaviour of these systems was systematically optimized. Thermal
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analysis, X-ray diffraction, and Raman spectroscopy were employed to monitor phase

change and deduce the corresponding reaction mechanisms.

In the NaH-NaOH system, ball milling significantly improved dehydrogenation kinetics,
enabling a two-step mechanism. The first step involves the formation of a solid solution,
NaHix(OH)x, between 170°C and 210°C, followed by the decomposition of this
intermediate to release hydrogen. Under optimal ball milling conditions (400 rpm, 2 hours)
and at a NaH:NaOH molar ratio of 1.15:1, the system exhibited the lowest
dehydrogenation peak temperature (346 °C) and the highest hydrogen release (3.08 wt.%).
Prior to catalyst optimization, the activation energy of the ball-milled NaH-NaOH system
was determined to be 75.85 kJ mol!. Subsequent addition of catalysts significantly reduced
the activation energy, with 5wt.% Ni and SiC showing the most pronounced effects,
lowering the activation energy to 41.24kJmol! and 46.79 kJ mol!, respectively. SiC
primarily reduces the activation energy via physical mechanisms. As a milling aid, SiC
decreases particle size, increases the contact area of reactants, and shortens hydrogen
diffusion pathways, thereby facilitating the reaction. In terms of the Arrhenius relationship,
this process enhances the pre-exponential factor (A) and increases the probability of
effective molecular interactions, which is reflected in an apparent reduction of the
activation energy (E.). Ni nanoparticles may disperse uniformly across the NaOH-NaH

interface, providing active sites that facilitate hydrogen atom desorption.

For the NaAlH4-NaOH system, the mechanistic insights gained from the NaH-NaOH
system were applied to enhance the kinetics of NaAlH4 decomposition. This led to changes
in the third step of NaAlH4 decomposition, which is crucial for improving the overall

kinetics. In the hand-mixed NaAlH4-NaOH system, the following reactions were observed:
NaAlH4 + 4NaOH = 1/3NasAlHs + 2/3Al + H, + 4NaOH
1/3NazAlHg¢ + 4NaOH = NaH + 1/3Al + 1/2H; + 4NaOH
NaH + Al + 4NaOH = NasAlO4 + 5/2H»

Notably, the first step of the dehydrogenation reaction transitions from an exothermic to an
endothermic process with the addition of NaOH. When even more NaOH is added (e.g., in
a 1:4 NaAlH4:NaOH ratio), the second step of the dehydrogenation reaction also shifts
from exothermic to endothermic. Under ball-milling conditions, NaOH reacts with NaAlH4
to form NazAlHex(OH)x, As the NaOH content increases, the NasAlH¢x(OH)x further

decomposes to NaH.

The reaction between NaBH4 and NaOH produces Na-B-O-H intermediates. When
ball-milled for 10 hours, the 1:4 NaBH4:4NaOH mixture can be completely converted into



Na-B-O-H intermediates. Prior to heating to 300°C, these intermediates undergo a phase
change at 240 °C-250 °C, and the nature of this phase change varies depending on the
molar ratio of NaOH added. For instance, ball-milled (2h) 1:3 NaBH4:NaOH yields
Na3BOs3;, Na, NaOH, and H. when heated to 400°C, while ball-milled (2h) 1:4
NaBH4:NaOH produces Naz;BO3, Na,O, NaOH, and H> under the same conditions.

For the CasMg3H14-NaH system, ball milling a 1:1 CasMgszH14:NaH mixture at 400 rpm for
2 hours enables NaH to alter the reaction pathway, leading to the formation of CasMg>H14
and NaMgH3. Upon heating to 348 °C, the interaction between NaMgH3; and CasMgzH4
results in a significant reduction of the overall dehydrogenation peak temperature by
102°C (from 450°C to 348°C). This interaction not only facilitates the earlier
decomposition of CasMg3H4 but also promotes the premature decomposition of NaMgH3

(from 400 °C to 348 °C).

For the NaAlH4/MgH>-Guanidine (CHsN3) system, the thermal decomposition of CHsNj3

alone follows the reaction:
3CH5N3 — C3HgNg + 3NH3 T=179 °C

Subsequently, C3HeNs primarily evaporates at approximately 300 °C, with a minor fraction
undergoing decomposition. In the NaAlHs-CHsN3 system, a reaction occurs at 150 °C,
resulting in the release of hydrogen gas and the formation of Al and an amorphous Na-C-N
compound. In contrast, the reaction between MgH. and CHsNj is significantly more
complex, and at present, only the possible reaction pathways can be proposed based on

available data.
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1. Introduction

1.1 The Current Status of Hydrogen

The global demand for energy continues to grow due to increasing human populations and
industrial activities. Currently, about 90% of the world's energy needs are met by fossil
fuels, which are finite and contribute to environmental degradation.' As a result, there is an
urgent need to develop alternative energy sources that are renewable, sustainable, and
environmentally benign. Hydrogen, with its potential for high energy density and clean

combustion, has emerged as a leading candidate to meet these criteria.>?

Hydrogen, the lightest and most abundant element in the universe, has long been
recognized as a promising energy carrier for a sustainable and environmentally friendly
future.* With its highest energy content per unit mass (120 MJ/kg), hydrogen offers a
viable alternative to fossil fuels, which are both non-renewable and highly polluting.’> The
combustion of hydrogen produces only water, making it a clean energy source that can

significantly reduce greenhouse gas emissions and air pollution.
1.1.1 Environment Benefits

Hydrogen, as an energy carrier, offers several significant environmental benefits, making it
a promising candidate for a sustainable and low-carbon future. When hydrogen is used as a
fuel, its combustion produces only water (H>O) as a byproduct.® This is in stark contrast to
fossil fuels, which release carbon dioxide (CO3), nitrogen oxides (NOx), sulfur oxides
(SOy), and particulate matter when burned.”® These pollutants contribute to air pollution,
smog, and respiratory health issues.” Hydrogen fuel cells, which convert hydrogen into
electricity, emit no greenhouse gases during operation.!®!!12 This is particularly important

for reducing the overall carbon footprint and mitigating climate change.

Hydrogen is the most abundant element in the universe. While it is not found in its pure
form on Earth, it can be produced from a variety of sources, including water (H20) through
electrolysis, biomass, and natural gas reforming. Among the various approaches, hydrogen
production from biomass is regarded as a renewable and environmentally friendly pathway.
The most common thermochemical methods include gasification and pyrolysis.
Gasification involves the partial oxidation of biomass at high temperatures (700 - 1000 °C)
in a limited oxygen or steam atmosphere, producing syngas (H2+ CO). The hydrogen yield
can be further enhanced through the water—gas shift reaction 1. Typical feedstocks for this

process include lignocellulosic residues, agricultural wastes, and forestry by-products.!!4

CO + H,0 — CO, + H, (1)
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For comparison, natural gas reforming is another widely used industrial route, in which
methane reacts with water steam to produce hydrogen.'*»'* The reaction 2 was shown

below:
CH4 + 2H,0 — CO» + 4H> 2)

According to figure 1-1, hydrogen can be produced from renewable energy sources such as
solar, wind, and hydroelectric power.!> Electrolysis powered by renewable electricity can
produce "green hydrogen," which is a truly sustainable and carbon-free energy carrier.'¢
Hydrogen can serve as an effective energy storage medium, allowing excess renewable
energy to be stored and used when needed. This helps to address the intermittent nature of
renewable energy sources like solar and wind, ensuring a stable and reliable energy
supply.!” Hydrogen can be used to balance the grid by storing excess electricity during
periods of low demand and releasing it during peak demand, thereby enhancing grid
stability and reliability.'"® By replacing fossil fuels with hydrogen in various applications,
such as transportation, heating, and industrial processes, the dependence on non-renewable
and polluting energy sources can be significantly reduced. Hydrogen fuel cell vehicles
offer a zero-emission alternative to internal combustion engine vehicles.!*?° They have the
potential to significantly reduce greenhouse gas emissions and air pollution in the

transportation sector.

| |
T_.‘_ =

4.

Electrolyte

Sustainable Energy & Hydrogen Generation
Cathode

<— H,0/Heat

Figure 1-1: Schematic of a sustainable hydrogen energy cycle?!

Hydrogen can also be used in industrial processes that currently rely on fossil fuels, such as

steel production and chemical manufacturing.?? This can lead to substantial reductions in
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industrial emissions. Hydrogen can be used in fuel cells or turbines to generate electricity,
providing a clean alternative to traditional power plants.?* In some cases, hydrogen can be
produced from natural gas through steam methane reforming combined with carbon
capture and storage technologies.?* This process can significantly reduce the carbon
footprint of hydrogen production. Hydrogen can also be used in combination with captured
CO: to produce synthetic fuels or chemicals, effectively recycling carbon and reducing
emissions.?”® The only byproduct of hydrogen combustion or fuel cell operation is water,
which can be captured and reused, contributing to water conservation efforts.?® The use of
hydrogen can support the expansion of renewable energy infrastructure by providing a

storage solution that complements intermittent renewable sources.
1.1.2 Environment Challenges

However, producing green hydrogen, which is hydrogen generated through electrolysis
using renewable energy sources (such as solar, wind, or hydroelectric power), faces several
significant challenges. These challenges are primarily related to cost, efficiency,
infrastructure, and scalability. Electrolysers, which split water into hydrogen and oxygen
using electricity, are expensive to manufacture and install. The high initial capital costs of
electrolysers are a major barrier to widespread adoption.'® The cost of renewable energy

itself, although decreasing, still adds to the overall expense of producing green hydrogen.

Additionally, integrating renewable energy sources with electrolysis systems requires
significant investment in infrastructure.”’” The operational and maintenance costs of
electrolysis systems can be high, further increasing the overall cost of green hydrogen
production. Current electrolysis technologies, such as proton exchange membrane and
alkaline electrolysis, are not yet fully optimized for efficiency.?® Energy losses during the
electrolysis process mean that a significant amount of the input energy is not converted
into hydrogen. Solar and wind energy are intermittent sources, meaning they are not
always available. This intermittency can affect the efficiency and consistency of hydrogen
production, as electrolysers need a stable power supply to operate efficiently.?® The
existing energy infrastructure is largely designed for fossil fuels and is not optimized for
hydrogen. Developing a new infrastructure for hydrogen production, storage, and
distribution requires significant investment and time. Hydrogen is challenging to store and
transport due to its low volumetric energy density. Effective storage solutions, such as

high-pressure tanks or liquid hydrogen, are expensive and complex.

Also, transporting hydrogen requires specialized pipelines or vehicles, which are not yet
widely available. The current global production capacity for green hydrogen is relatively

small compared to the demand for hydrogen in various industries.*® Scaling up production
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to meet future demands will require significant advancements in technology and
infrastructure.® While electrolysis technologies are improving, they are not yet mature
enough to support large-scale industrial applications. Further research and development are
needed to enhance the performance and reliability of electrolysers. There is a lack of
standardized regulations and policies for green hydrogen production, storage, and use. This
can create uncertainty and hinder investment and innovation. Governments need to provide
incentives and subsidies to encourage the adoption of green hydrogen technologies.
Without adequate support, the high costs of green hydrogen production can be a significant

barrier.

Green hydrogen is currently more expensive than hydrogen produced from fossil fuels or
hydrogen produced using natural gas with carbon capture and storage.'®3? This makes it
less competitive in the market. There is a need to raise awareness among consumers and
businesses about the benefits of green hydrogen. Lack of understanding and familiarity
with hydrogen technologies can slow down market adoption. Research is needed to
develop more efficient and cost-effective electrolysis technologies. This includes
improving the performance of catalysts, membranes, and overall system design.*
Exploring alternative methods for producing green hydrogen, such as biological processes
or advanced thermochemical methods, is essential for diversifying production options and

reducing costs.

1.2 Hydrogen Storage Methods

Despite its many advantages, the widespread adoption of hydrogen as an energy carrier
faces significant challenges, particularly in terms of storage. Hydrogen's low volumetric
energy density and gaseous nature at ambient conditions make it difficult to store and
transport efficiently.?* Effective hydrogen storage solutions are crucial for the practical
implementation of hydrogen-based energy systems, especially for on-board applications in
vehicles.*® Various hydrogen storage methods have been developed, each with its own set
of advantages and disadvantages. Currently, there are seven main hydrogen storage

methods.
1.2.1 Compressed Hydrogen

Compressed hydrogen is the most widely used method for hydrogen storage. This method
involves storing hydrogen at high pressures, typically up to 700 bar, in cylindrical
vessels.?*¢ The technology for compressing hydrogen is well-developed and offers high

rates of hydrogen filling and release.’”*® However, the compression process consumes a
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significant amount of energy, accounting for about 13—18% of the lower heating value of
hydrogen.**#° This energy consumption impacts the overall economics of hydrogen storage.

Four types of vessels are commonly used for compressed hydrogen storage:

Type I: These are the cheapest and are made of metallic materials, capable of withstanding

pressures up to 30 bar.*'*? They are typically made of steel or aluminium alloy.*!#

Type II: These vessels have a metallic wall wrapped with fiber resin composite on the

cylindrical part, offering a 30-40% weight reduction compared to Type I vessels.*!44

Type III: Made of carbon fiber composite materials lined with metal (e.g., aluminium),

these vessels are strong and lightweight, suitable for pressures up to 700 bar.,>744

Type IV: Similar to Type 111, these vessels are entirely made of composite materials, with a

polymeric liner such as high-density polyethylene.*!4?

Compressed hydrogen storage is practical for stationary applications and has shown
promise for on-board applications, with vehicles like the Toyota Mirai and Hyundai Nexo
using this method.*> However, safety concerns and the need for complex valve technology

to manage high pressures remain challenges.*®
1.2.2 Liquefied Hydrogen

Liquefied hydrogen offers a higher volumetric energy density compared to compressed
hydrogen, as hydrogen is stored at cryogenic temperatures (-253 °C).*” The density of
liquid hydrogen reaches around 71 g/L, with an energy density of 8 MJ/L.” This method is

well-established and allows for high rates of hydrogen release.

However, liquefaction is energy-intensive, consuming about 30—40% of the net heating
value of hydrogen.*® Additionally, liquid hydrogen storage requires expensive insulation to
prevent boil-off, where hydrogen vaporizes due to heat from the surroundings. Boil-off
losses can be significant, with about 1.5-3% of hydrogen lost per day.*>* These challenges,
along with the need for specialized infrastructure, limit the practicality of liquefied

hydrogen for on-board applications.
1.2.3 Cryo-Compressed Hydrogen

Cryo-compressed hydrogen combines the aspects of both compressed gaseous hydrogen
and cryogenic hydrogen. Hydrogen is stored at cryogenic temperatures and under high
pressures (250-350 bar).>'2 This method offers higher densities and reduced boil-off
losses compared to liquefied hydrogen.*'*> However, it requires more expensive

double-walled vessels and increased energy input for storage.*!
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1.2.4 Metal Hydrides

Metal hydrides store hydrogen by chemically bonding hydrogen atoms to metal atoms,
forming solid compounds.>® This method offers higher hydrogen storage capacities and
operates at moderate temperatures and pressures, making it safer than compressed or
liquefied hydrogen.’*>> Metal hydrides such as magnesium hydride (MgH,) and
intermetallic hydrides (e.g., LaNis) are widely studied for their potential in hydrogen
storage. MgH>, in particular, has gained attention due to its high hydrogen content (7.6
wt.%) and relatively low hydrogen release temperature (350-400 °C).>¢ However, the
kinetics of hydrogenation and dehydrogenation are slow, and the hydrogen release
temperature is still too high for practical applications. Research focuses on improving these
properties through methods such as ball milling, alloying, and the addition of

catalysts.>7-38

1.2.5 Complex Metal Hydrides

Complex metal hydrides involve hydrogen atoms covalently bonded to central atoms in
coordination complexes, stabilized by cations such as lithium, sodium and magnesium.
These hydrides, including alanates (e.g., NaAlH4) and borohydrides (e.g., LiBH4), offer
higher storage densities due to their light element composition.®®¢! NaAlHa, for example,
can release up to 5.6 wt.% of hydrogen through a two-step reaction. However, it requires

62.63.64 Research has

high temperatures for hydrogen release and has poor reversibility:
shown that doping NaAlHs; with titanium catalysts can significantly improve its
thermodynamics and Kinetics.5667 Similarly, LiBH* has a high hydrogen capacity (18.5
wt.%), but its high decomposition temperature and poor reversibility limit its practical
use.®®% Recent studies have explored destabilization techniques and the addition of

catalysts to enhance its performance.”®’!

1.2.6 Physical Adsorption

Physical adsorption involves hydrogen molecules being adsorbed onto the surface of solid
materials through van der Waals forces.”>’”® Materials such as activated carbon,
metal-organic frameworks (MOFs), and zeolites are commonly used for this purpose.
While these materials offer high surface areas and reversible hydrogen storage, their
room-temperature capacities are low, making them more suitable for cryogenic

temperatures and higher pressures.’#73.76.77.78

1.2.7 Liquid Organic Hydrogen Carriers (LOHCs)

LOHCs store hydrogen chemically by reacting hydrogen with organic molecules. The

hydrogen is released by dehydrogenating the organic compound in a reactor.” LOHCs
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such as methylcyclohexane/toluene systems offer high hydrogen capacities (6.2 wt.%) and
can utilize existing gasoline infrastructure for storage and transportation.’® However, the
dehydrogenation process requires high temperatures and enthalpies, posing challenges for

practical applications.

1.3 Solid-State Hydrogen Storage

Hydrogen storage technologies can be broadly categorized into conventional methods
(compressed gas and liquefied hydrogen) and solid-state methods (metal hydrides, complex
hydrides and physical adsorption).®! Conventional methods, although simple, have
limitations in terms of storage density and energy efficiency. In contrast, solid-state
hydrogen storage can offers higher storage densities and better safety profiles.®? Solid-state
hydrogen storage materials can be divided into three main categories: metal hydrides,
complex hydrides and physical adsorption.®* Metal hydrides store hydrogen through the
formation of metal-hydrogen bonds only, while complex hydrides store hydrogen through

the formation of complex hydride anions.?*84
1.3.1 Metal Hydrides

Light metal hydrides are binary or complex compounds formed between hydrogen and
light metals such as Li, Na, Mg, Ca, and Al. They are typically solid at room temperature
and can store hydrogen chemically. Light metal hydrides, such as LiH, NaH, MgH> play a
crucial role in solid-state hydrogen storage due to their high gravimetric hydrogen
densities.®® Table 1-1 shows the properties of hydrogen storage of these materials.

Table 1-1: Molecular weight, gravimetric capacity and decomposition temperatures for LiH, NaH,

MgH: and CaH»

Parameter/metal Molecule Theoretical gravimetric hydrogen | Ta/°C
hydrides weight/g-mol! capacity/ wt.%
LiH 7.95 12.59 900
NaH 23.99 4.17 425
MgH> 26.31 7.60 327
CaH» 42.09 4.75 600

Lithium hydride (LiH) has the capacity to store up to 12.59 wt.% hydrogen, whereas
sodium hydride (NaH) can only store 4.17 wt.% hydrogen. Both LiH and NaH exhibit high
chemical reactivity, which not only necessitates stringent handling and reaction conditions
but also poses challenges for achieving reversible hydrogen cycling.’¢ Moreover, the high
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decomposition temperature of LiH (900 °C) renders it unsuitable as a standalone candidate
for practical solid-state hydrogen storage applications.?” However, LiH has been
extensively studied as a component in Li-N-H systems for both direct and indirect
hydrogen storage, as well as in hydride-hydroxide modular hydrogen release systems.®
The calcium hydride (CaHz) can store 4.75 wt.% hydrogen and also has high
decomposition temperatures. Like magnesium hydride (MgH»), the dehydrogenation
process for calcium hydride is reversible, and it is typically synthesized by reacting

calcium metal with high-pressure hydrogen at elevated temperatures.®’
CaH, — Ca+H, AH°(298K) =171 kJ - mol H, 3)

Similar to lithium hydride (LiH), calcium hydride (CaHz) can only be utilized within
complex composite hydrogen storage systems, where it interacts with other components,
due to its high decomposition temperature (600 °C). In recent years, its interactions with

amides, borohydrides and ammonia borane have been extensively studied.”

Therefore, NaH, LiH, and CaH, each possess inherent limitations that make them
unsuitable for use as single hydrogen storage materials. Effective hydrogen storage with
these hydrides typically requires interaction with other components in composite systems
to improve thermodynamic and kinetic properties. In contrast, magnesium hydride (MgH>)
stands out due to its relatively high gravimetric hydrogen capacity (7.60 wt%) and the
lowest decomposition temperature (327 °C) among the four light metal hydrides.
Additionally, the abundance and low cost of magnesium further enhance its appeal as a
promising candidate for solid-state hydrogen storage.”’ However, the decomposition
temperature of MgH> (327 °C) is still relatively high, and its decomposition enthalpy (76.2
kJ mol') indicates considerable thermodynamic stability under ambient conditions.’!*> The

corresponding endothermic decomposition reaction is as follows:
MgH: — Mg+ H>  AH°(298K) = 76.2 kJ - mol"! H» 4)

To reduce the decomposition temperature and enthalpy of decomposition of MgH>, current
strategies primarily focus on nanostructuring the material (such as ball milling) to reduce
particle size, create unique nanostructures, or introduce suitable additives.***> According to
Wu et al.’s article, the hydrogen storage performance of MgH»/single-walled carbon
nanotube (SWNT) composites prepared via ball milling was systematically investigated.
The study revealed that both the SWNT content and milling time significantly influenced
the hydrogen capacity and the absorption/desorption kinetics of the composite. Optimal
performance was achieved with 5 wt% SWNT addition: the composite absorbed 6.7 wt%
H> within 2 minutes at 300 °C, and released 6 wt% H> within 5 minutes at 350 °C.%° In

addition to carbon-based additives, transition metal-based catalysts such as nickel, niobium,
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and titanium compounds have also been extensively explored for their catalytic
effects.””989%100 Thys, the synergistic combination of nanostructuring and catalytic
additives is considered a key direction for advancing solid-state hydrogen storage

materials.'01.102
1.3.2 Complex Hydrides for Hydrogen Storage

1.3.2.1 Introduction to Complex Hydrides for Hydrogen Storage

Hydrogen storage is a critical technology for the transition to a sustainable energy economy,
and complex hydrides have emerged as promising materials due to their high gravimetric
and volumetric hydrogen capacities. Complex hydrides include metal borohydrides,
alanates, and amides, which are characterized by covalent bonding of hydrogen to metals
or non-metals to form complex anions (e.g., [BHa]~, [AIH4]", [NH2]").!91% These materials
have been extensively studied for their potential in hydrogen storage applications,
particularly for mobile and stationary energy systems. However, despite their high
hydrogen capacities, complex hydrides face significant challenges related to the
thermodynamics and kinetics of hydrogen uptake and release. Hydrogen release often
requires high temperatures (above 200 °C), and hydrogen uptake typically occurs at high
pressures (above 50 bar).! These conditions are impractical for many applications,
especially in the automotive sector. Additionally, the reversibility of hydrogen absorption

and desorption is often poor, leading to limited cyclability.
1.3.2.2 Alanates for Hydrogen Storage

Alanates, specifically metal alanates (MAIH4, where M is an alkali or alkaline earth metal),
are considered promising candidates for solid-state hydrogen storage. These materials can
store up to 10.5 mass% of hydrogen, making them one of the highest capacity hydrogen
carriers. However, their practical application has been hindered by slow hydrogen kinetics,

poor reversibility, and high thermodynamic stability.'%

According to Table 1-2, alanates are characterized by their rich hydrogen content and
moderate desorption temperatures. For example, LiAlHs4s can release hydrogen at
temperatures as low as 150 °C, while NaAlHs releases hydrogen at around 170-
230 °C.107:108,109 The hydrogen release process typically involves multiple steps, with the
formation of intermediate phases such as M3AlHs. The thermodynamic properties of
alanates, including their enthalpy of formation and decomposition, have been extensively

studied to understand their hydrogen storage behaviour.!%11!
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Table 1-2: Molecular weight, theoretical gravimetric and temperatures of decomposition for selected

alanate. 12113

Alanate Molecular Theoretical gravimetric hydrogen T4/ °C
weight/g-mol! capacity/ wt.%
LiAIH4 37.95 10.54 170, 270
NaAlH4 54.00 7.41 190, 230
Mg(AlHa)2 86.30 9.27 110-200, 310

Lithium Alanate (LiAlH4)

LiAlHy4 is typically prepared by reacting LiH with AlBr3 in an ether solution or through ball
milling. It has a monoclinic cubic crystal structure with a P21/c space group.''* The [AlH4]~
anion forms tetrahedral units, and lithium ions are surrounded by hydrogen atoms in a
distorted geometry. It has a theoretical hydrogen storage capacity of 10.54 wt.%. As shown
in reaction 5, 6 and 7, LiAlH4 decomposes in two steps, releasing hydrogen at temperatures
of approximately 170°C and 270°C, respectively.!’> Lithium aluminium hydride (LiAlH4)
is known for its kinetic stability, yet it exhibits significant thermodynamic instability for
hydrogen storage applications, as it tends to decompose easily below room temperature.
However, research has shown that doping LiAlH4 with Ti-based or V-based catalysts can
effectively reduce the decomposition temperature of the hydrides.!!¢ For instance, Srinivasa
et al. demonstrated that the addition of Ti-based catalysts could lower the decomposition
temperature, thereby improving the material's thermal stability and hydrogen release

efficiency.!!’

Furthermore, a previous study indicated that ball-milling LiAlHs with Ti
compounds could achieve reversible hydrogen storage capacities of up to 1.8 wt.%,
highlighting the potential of such modifications to enhance the practicality of LiAlH4 for

hydrogen storage.!'®
3 LiAlHs— LisAlHe+ 2 Al + 3 Hy 5.3 wt.%H> (%)
LisAlHe — 3 LiH + Al+ 3/2 Hy 2.6 wt.%H> (6)
3LIH +3 Al — 3 LiAl + 32H, 2.6 wt%H,  (7)
Sodium Alanate (NaAlH4)

Sodium alanate can be synthesized by direct synthesis from the elements under stringent
conditions, ball milling of the elements under an inert atmosphere, or wet chemical
synthesis using NaH and Al. It has a tetragonal crystal structure with a space group of
I41/a."® The [AlH4]" anion forms isolated tetrahedral units, and sodium atoms are

surrounded by eight nearest [AlH4]  tetrahedra in a distorted square anti-prismatic
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geometry. Its theoretical hydrogen storage capacity is 7.41 wt.%, but the practical capacity
is around 3.70 wt.%.'?° As shown in reaction 8, 9 and 10, NaAlHs decomposes in two steps.
The first step at around 190 °C releases hydrogen and forms NasAlHs, while the second
step at around 230 °C releases more hydrogen and forms NaH.!?!!22 Previous research has
demonstrated that sodium alanate doped with titanium -catalysts exhibits reversible
hydrogen storage capabilities at moderate operating temperatures.'”> Moreover, the
hydrogen storage density of NaAlH4 doped with titanium catalysts can reach up to 4.5
wt.%, which is significantly higher than that of undoped counterparts. This enhancement is
attributed to the improved thermodynamic and kinetic properties of the doped material
during the hydrogenation and dehydrogenation processes.!?* The addition of titanium
catalysts not only lowers the decomposition temperature but also accelerates the hydrogen
absorption and release rates, making NaAlHa a promising candidate for practical hydrogen
storage applications.'?® The addition of Ti-based catalysts, such as TiCls, can significantly
improve the reversibility and kinetics of hydrogen release, lowering the desorption

temperature from 220°C to 160°C.!2¢
3 NaAlHs = NasAlHs + 2 Al +3 Ha 3.7wt%H,  (8)
NasAlHo = 3NaH + Al +3/2 Hy 1.9wt%H,  (9)
NaH = Na+ 12H, 1.9wt%H,  (10)
Magnesium Alanate (Mg(AlH4)2)

Mg(AlH4): can be synthesized by reacting MgH:» with AIH3 in a solvent-free environment
or through ball milling. It forms a trigonal sheet-like structure with distorted and isolated
[AlH4]™ tetrahedra. The theoretical hydrogen storage capacity is 9.27 wt.%. As shown in
reaction 11 and 12, the initial dehydrogenation step of magnesium alanate occurs within
the temperature range of 110—200° C, releasing approximately 7 wt.% of hydrogen.!?’
Subsequently, the dissociation of magnesium hydride takes place around 310°C, resulting
in the evolution of an additional 2.3 wt.% of hydrogen. Meanwhile, the intermetallic
compound AlsMg» is formed through the reaction between magnesium and aluminium at
approximately 400 °C.!2® Several studies have been conducted to achieve reversibility in
magnesium alanate systems. However, due to the exothermic nature of the first
dehydrogenation step and the underlying thermodynamic constraints, reversibility has not

been successfully attained.!?
Mg(AlHs), — MgH,+2 Al+3 Hy 7.0wt%H, (1)

MegH, + 2 Al — 12 AlMgs + 1/2 Al + Hy 2.3 wt.%H, (12)
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1.3.3 Borohydrides

1.3.3.1 Introduction of Borohydrides

Borohydrides such as lithium borohydride (LiBH4), sodium borohydride (NaBHa),
magnesium borohydride (Mg(BHa4)2), and calcium borohydride (Ca(BHs)) exhibit
significant hydrogen storage potential. For example, lithium borohydride (LiBH4) has a
high theoretical hydrogen storage capacity of up to 18.5 wt.%, but it has a high
decomposition temperature and slow hydrogenation kinetics. Sodium borohydride (NaBH)
offers a high hydrogen storage density (10.7 wt.%) but undergoes an irreversible hydrolysis
reaction, producing hydrogen gas and sodium metaborate as a byproduct.!30:131.132
Magnesium borohydride (Mg(BHa4)2) provides good hydrogen storage capabilities, but its
slow hydrogen absorption and desorption kinetics limit practical applications. Calcium
borohydride (Ca(BHa4)2) is another viable candidate with an 8.3 wt.% hydrogen capacity,

though it also faces challenges related to high desorption temperatures.'*?

Despite their advantages, borohydrides face several critical challenges such as: (a) High
decomposition temperatures, as most borohydrides decompose at temperatures exceeding
200 °C, making them unsuitable for low-temperature applications; (b) slow kinetics, where
the rate of hydrogen absorption and desorption is often too slow for practical use.
Modifications such as doping with catalysts or reducing particle sizes through
nanoconfinement have been explored to improve Kinetics;'3* (¢) thermodynamic stability,
given that, many borohydrides are highly stable, requiring high temperatures to release
hydrogen. Strategies like destabilization through alloying have been employed to lower the
hydrogen release temperature and (d) Reversibility, some borohydrides undergo

irreversible reactions, such as NaBH4 in hydrolysis, making their reusability a challenge. '

1.3.4 Modification and Optimisation Strategies for Solid State Hydrogen

Storage Materials

To overcome the limitations of alanates and borohydride, various strategies have been
explored, including doping with catalysts, forming reactive hydride composites, and

nanoconfinement.
1.3.4.1 Nanostructuring and Nanoconfinement

Nanostructuring and nanoconfinement have been identified as effective strategies to
address these challenges. By reducing the particle size and/or confining the hydrides within
nanostructured scaffolds, the hydrogen absorption and desorption kinetics can be
significantly improved. Nanoconfinement can also alter the thermodynamic properties of

the hydrides, making hydrogen release and uptake more feasible at lower temperatures and
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pressures.'3¢ For example, nanoconfinement in carbon scaffolds has been widely used, with
materials such as mesoporous carbons, graphene derivatives, and carbon nanotubes
providing high surface area and thermal stability, which enhance the hydrogen storage
performance of complex hydrides.!3” Metal-organic frameworks (MOFs) offer another
platform for nanoconfinement, providing tunable pore sizes and high surface areas. MOFs
can stabilize complex hydrides and improve their hydrogen storage properties through
enhanced kinetics and reduced activation energies.!*® For example, LiAlH4 and NaAlH4
confined within porous carbon materials have shown lower hydrogen desorption
temperatures and faster kinetics compared to their bulk counterparts. Core-shell structures,
where alanate nanoparticles are encapsulated within a metallic shell, offer a unique
approach to stabilising alanates.'* These structures can prevent particle agglomeration and
maintain the nanosizing effects during hydrogen cycling. Recent studies have demonstrated
the successful synthesis of core-shell alanate structures with improved hydrogen storage

properties.
1.3.4.2 Catalysts and Additives

The addition of catalysts and other additives has been shown to significantly enhance the
hydrogen storage properties of complex hydrides. Transition metals, such as Ti, Co, and Ni,
are commonly used to improve the kinetics of hydrogen absorption and desorption.!4°
These catalysts can be added in the form of nanoparticles or incorporated into the scaffold
material to enhance the overall performance. Detailed studies have shown that the catalytic
effects can be attributed to the formation of intermediate phases and the stabilization of

reaction products. For example, Ti-doped NaAlH4 has been shown to form a Ti-Al alloy

that facilitates hydrogen release by lowering the activation energy.!*
1.3.4.3 Reactive Hydride Composites (RHCs)

Formation of a reactive hydride composite, a concept which involves the mixing of two or
more hydrides, has also been investigated to improve the hydrogen storage properties of
alanates and borohydrides. These composites can alter the decomposition pathway and
reduce the desorption temperature. RHCs utilize a synergistic effect between different

hydrides, leading to modified thermodynamic stability and reaction enthalpy.'*!

For instance, mixing NaAlH4 with LiBH4 has been shown to improve the hydrogen release
properties of both materials. Some notable examples include 2LiBH4+MgH,, which
reduces hydrogen release temperature compared to pure LiBH4, offering reversibility under
moderate conditions.'*? NaBHs—MgH, demonstrates improved hydrogen cycling
performance and stability over multiple cycles. LINH>—LiH can be reversibly operated at

temperatures around 250°C with a hydrogen capacity of about 6.5 wt.%.!%*
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Despite their promise, reversible hydrogen carriers face several challenges in their practical
implementation. One significant issue is the high operating temperatures required for
efficient hydrogen release. Many RHC systems still necessitate temperatures above 200°C
to achieve optimal performance in hydrogen release, which can be a major limitation for
certain applications due to the energy input and potential safety concerns associated with
such high temperatures. Another challenge is the slow kinetics of hydrogen absorption and
desorption. The rates at which RHCs absorb and release hydrogen need to be significantly
improved to be viable for practical applications. These slow kinetics can result in longer
processing times and reduced overall efficiency. Additionally, structural stability is a major
concern for some RHCs.!'** Over multiple cycles of hydrogen absorption and desorption,
certain RHCs experience degradation, which in turn reduces their effectiveness and
longevity. This instability can lead to increased costs and maintenance requirements,

further complicating their widespread adoption.

1.4 Hydride — Hydroxide Hydrogen Release Systems

Hydride-Hydroxide systems represent promising approaches for hydrogen storage and
generation, leveraging the reversible reactions between metal hydrides and metal
hydroxides.'* This system is particularly relevant for applications where hydrogen needs
to be generated on-demand, such as in fuel cells. Light metal hydroxides are considered
attractive candidates for solid-state hydrogen storage due to their low cost. Unlike
nitrogen- or boron-containing systems, they do not produce by-products that could poison

fuel cells.!4®

Numerous hydride-hydroxide systems have been extensively studied, including
LiBH4-LiOH, NaOH—NaH, and LiH-LiOH. These systems are of great interest due to
their high theoretical hydrogen capacities, low dehydrogenation temperatures, or in some
cases, reversible hydrogen release and uptake. A key theoretical basis underpinning these
systems is the concept proposed by Chen et al., which involves H-H™ coupling between
protons from hydroxide (OH") groups and hydride (H") ions, thereby facilitating the

dehydrogenation process.!'#’

According to Chen et al.'s study, the interaction between
LiNH: and LiH significantly lowers the hydrogen release temperature compared to the
decomposition temperatures of the individual components. While pure LiNH> decomposes
above 300 °C to form lithium imide and ammonia, and LiH releases hydrogen only above
550 °C, their mixture generates hydrogen at approximately 150 °C. Techniques such as TG,
XRD, and IR spectroscopy revealed that LiNH; reacts with LiH to produce hydrogen and

lithium imide (or lithium-rich imide), with an enthalpy of reaction around 45 kJ mol,
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which is substantially lower than the 83.68 kJ mol! required for pure LiNH»
decomposition. Furthermore, isotopic labelling experiments indicated proton—deuteron
exchange, providing deeper insights into the reaction mechanism. This work offered a new
perspective on the chemical behaviour of metal amides and hydrides and laid the

groundwork for the design of novel hydrogen storage materials.

Subsequently, Vajo et al. investigated solid-state reactions between ionic hydrides and
alkali metal hydroxides, which can produce hydrogen and metal oxides.!*® These reactions
are thermodynamically favourable (AG® <0) and exothermic, resembling the hydrolysis of
ionic hydrides, yet remain kinetically stable at room temperature when hydrides and
hydroxides are mixed and processed via mechanochemical methods. Several systems were
evaluated, including LiH + LiOH, 2LiH + NaOH, LiBH4 + 4LiOH, and 3LiBHs +
4LiOH-H20. Notably, the reaction of 3LiBH4 + 4LiOH-H,O releases approximately 10
wt.% H», with more than 5 wt.% evolving below 100°C. The LiH + LiOH mixture
produced around 5.73 wt.% hydrogen at 250 °C, achieving 91% of the theoretical yield
(6.27 wt.%). The addition of 10 mol% TiCls increased hydrogen evolution at 100 °C but
slightly reduced the final yield. Other systems, such as LiH + NaOH and 2LiH + NaOH,
yielded 1.92 wt.% and 3.20 wt.% H- at 250 °C, respectively. The LiBH4 + 4LiOH mixture
released 6.64 wt.% hydrogen at 350 °C with a 98% yield, while the hydrated 3LiBH4 +
4LiOH-H20 system achieved 10.05 wt.% total hydrogen with 98% efficiency.

LiBHs4, in particular, has gained widespread attention as a solid-state hydrogen storage
material due to its high gravimetric (18.5 wt.%) and volumetric (121 kg H>/m?) hydrogen
densities. However, its practical use is limited by its high dehydrogenation temperature
(>380 °C) and poor reversibility. According to Li et al.’s article, various strategies have
been explored to overcome these limitations, including catalyst addition and
nanostructuring.'® For instance, the incorporation of MgH» in the 2LiBHs~MgH, system
significantly reduced the dehydrogenation enthalpy and lowered the hydrogen release
temperature from 500 °C to 340°C. The use of TiCl; and MgCl, catalysts enabled
hydrogen release at 60 °C and reversible uptake of 4.5 wt.% H> at 600 °C under 7 MPa.
Confined LiBH4 within mesoporous carbon also significantly improved performance,
lowering the dehydrogenation temperature to ca. 150 °C and enabling reversible hydrogen

storage up to 8 wt.% under 600 °C and 7 MPa.

More recently, light metal borohydride—hydroxide systems, such as LiBHs~Mg(OH)., have
emerged as promising candidates. According to Drozd et al.’s work, hydrogen release from
NaBH4 + Mg(OH): is influenced by particle size and mixing homogeneity, with activation
energies around 155.9 kJ mol!.!** Ball-milled mixtures released 87-92% of hydrogen
within the 240-318°C range. In Varin et al.’s study, nanostructured NaBHs and
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LiBH4+~Mg(OH), composites with nano-Ni showed enhanced performance.
LiBHs—Mg(OH). began dehydrogenation at 200 °C with a low activation energy of 38-47
kJ/mol, but with a two-stage hydrogen release mechanism.'>! According to Liu et al.’s
article, LiBH4—0.3Mg(OH). composites exhibited the best dehydrogenation behaviour,
releasing up to 9.6 wt.% hydrogen between 100450 °C through three distinct steps, and
demonstrated reversible uptake of 4.7 wt.% H> under 100 bar at 450 °C.(superior to pure
LiBH4'3? Cai et al.’s study investigated LiBH4 composites with alkali metal hydroxides
(LiOH, NaOH, KOH) to reduce dehydrogenation temperatures. H*-H- interactions

153 For

significantly lowered onset temperatures and enhanced hydrogen release rates.
instance, LiBH4—LiOH released 6.5 wt.% H; within 10 minutes at 250 °C, and the onset
dehydrogenation temperatures dropped from 280 °C (pure LiBH4) to 207 °C, 221 °C, and
230 °C for LiBH4—LiOH, 2LiBH4+NaOH, and 2LiBH4+KOH, respectively. These trends
were attributed to the increasing acidity of [OH]  sites due to the electronegativity of the
alkali metals (Li > Na > K), enhancing their interaction with [LiBH4]". Additionally, higher
LiOH content improved dehydrogenation kinetics, with LiBHs—4LiOH releasing 6.5 wt.%

hydrogen in 10 minutes at 250 °C.

To address challenges such as poor cyclability and high dehydrogenation temperatures,
light metal hydride—hydroxide systems have been developed. According to Lu et al.’s study,
a novel hybrid approach was proposed for hydrogen storage in solid inorganic hydride
materials, as well as for hydrogen production from water.!>* This method is based on the
reaction between LiOH (or LiOH-H20) and LiH, which exhibits favourable kinetics and
enables hydrogen release and uptake within a practically viable temperature range
(<350 °C). The system demonstrates a reversible hydrogen storage capacity of 6—8.8 wt.%.
As a hydrogen production pathway, this reaction yields hydrogen entirely derived from
water, through its reaction with alkali metal oxides. Experimental studies validated the
dehydrogenation, hydrogen uptake, and regeneration of LiH. For example, a mixture of
LiOH-H>0 and LiH released up to 8.5 wt.% H> at 350 °C, while LiOH and LiH released
6.0 wt.% H: at 300 °C. The regeneration step involves the reaction Li-O + H,O — 2LiOH
(or LiOH-H20), enabling reformation of the hydroxide and thus facilitating reversible
hydrogen cycling. Despite its promising performance, this system still faces several
scientific and technical challenges, including a deeper understanding and precise control of
the reaction mechanisms, as well as improving the overall energy efficiency of the full

cycle.

Mao et al probed the mechanism of the NaOH-NaH system. According to previous
research, Na>O can easily absorb the H; at low temperature (about 60 °C) to form NaOH
and NaH. In the contrast, the NaOH and NaH mixed can form Na>O and H; in reaction
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13.15° Therefore, reversibility is the biggest advantage of the NaOH-NaH system. Both LiH
and NaH are Group I light metal hydrides. Although the gravimetric hydrogen capacity of
NaH is less than LiH, the LiH-LiOH system is not reversible, and the dehydrogenation
temperature of the NaH-NaOH system is lower than LiH-LiOH. The dehydrogenation

reaction is endothermic.!>°

Na,O + H, = NaOH + NaH AH = +55.65 kJ/mol (13)
1.5 Aim of Thesis

This thesis focuses on developing new complex RHCs and understanding their
fundamental mechanisms of hydrogen storage. Beginning with the NaOH-NaH system, the
purpose of this work was to develop sodium-based metal and complex hydride systems
combing sodium hydrides with hydroxides and with hydride previously not considered for
RHC-type storage. Advances in nanostructuring and catalysis have led to significant

improvements in the kinetics performance. Five different systems were fully investigated.
NaH - NaOH system

NaAlH4 - NaOH system

NaBH4 - NaOH system

CasMgsHi4 - NaH system

NaAlH4/MgH> - Guanidine(CHsN3) system

The selection of these systems was guided by several considerations. Sodium-based
hydrides and hydroxides are inexpensive, lightweight, and possess relatively high
theoretical hydrogen capacities, making them attractive for large-scale storage. The NaH -
NaOH, NaAlH4 - NaOH, and NaBH4 - NaOH systems were chosen to investigate the effect
of hydroxide incorporation on the hydrogen release properties of simple and complex
sodium hydrides. The CasMgzHi4 - NaH system represents a mixed alkaline composite
with potential synergistic effects arising from multicomponent interactions. Finally, the
NaAlH4/MgH> - Guanidine(CHsN3) system was introduced as organic-molecular-based
hydrogen storage, offering the possibility of modifying dehydrogenation pathways through

organic molecular.

The aim of the thesis was to research the hydrogen release performance of all the systems
and to investigate gravimetric capacity, dehydrogenation temperatures, and the kinetics of
dehydrogenation (including activation energies) systematically. Mechanochemical
nanostructuring and the use of catalysts/additives were the two main methods employed in

order to attempt to improve the kinetic behaviour of the five systems. Powder X-ray
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diffraction was used to try and identify any intermediate species forming during the
dehydrogenation reactions and to propose and validate a mechanism of hydrogen release

for each system.
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2. Experimental

In this study, most of the chemical reagents employed are highly sensitive to air and
moisture. Consequently, all sample storage and handling procedures were conducted under
an inert atmosphere, primarily within an argon-filled glovebox. To achieve nanostructured
hydrogen storage materials, the majority of samples were prepared via ball milling. For
comparative analysis of dehydrogenation behaviour, the NaOH—NaH and NaAlHs—NaOH

systems were also manually ground and studied alongside their ball-milled counterparts.

Following synthesis, the materials were subjected to a series of characterization techniques.
Simultaneous thermogravimetric and differential thermal analysis (STA; TG-DTA) was
employed to assess the thermal behaviour of the samples. When coupled with mass
spectrometry (MS), this technique allows for the real-time detection of gaseous species
evolved during thermal decomposition. Structural analysis was carried out using powder
X-ray diffraction (PXD), while Raman spectroscopy was utilized to identify the functional
groups present in the materials, thereby aiding in the analysis of potential chemical

compositions.

The purpose of this chapter is to provide a detailed overview of the working principles and
operational protocols of these analytical instruments. By applying these techniques
systematically, experimental parameters can be optimized to guide the development of

hydrogen storage materials with desirable performance characteristics.

2.1 Sample Handling

2.1.1 Gloveboxes

To effectively reduce the risk of oxidation and hydrolysis during the handling of
air-sensitive and pyrophoric substances, gloveboxes were extensively employed in this
study for chemical preparations. The two different gloveboxes was shown in Figure 2-1.
These controlled environments provided ideal conditions for the safe manipulation of
highly reactive materials, preparation of chemical reactions, and storage of samples under
an inert atmosphere. The light metals, complex hydrides, and hydroxides used in this
research were highly sensitive to air exposure. Metals hydrides being pyrophoric, while
many of the hydroxides exhibited strong hygroscopic behaviour. As a result, the majority
of the experimental work presented in this thesis was carried out within recirculating
gloveboxes filled with dry inert gases such as argon (Ar) or nitrogen (N2). To facilitate the

transfer of tools and materials into and out of the glovebox, antechambers capable of
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evacuation were used. These chambers underwent a triple evacuation and refill cycle with
inert gas before the inner door was opened, minimizing the introduction of oxygen and
moisture. Inside the main chamber, the inert atmosphere was continuously purified by a
circulation system consisting of a molecular sieve and catalyst, driven by a recirculation
blower, to ensure a clean environment. In the mBraun glovebox used for
thermogravimetric and differential thermal analysis (TG-DTA) experiments, oxygen and
moisture levels were strictly controlled, typically maintained below 0.5 ppm. During
regular operations such as manual mixing or sample handling, O> levels remained under 10
ppm, and H>O concentrations consistently stayed below 0.5 ppm. By comparison, the
Saffron Scientific gloveboxes maintained O; and H>O concentrations within the 0—10 ppm

range.

To sustain these environmental conditions, periodic regeneration of the molecular sieve
and catalyst systems was necessary. Regeneration was usually performed every two
months, though the frequency could be adjusted based on glovebox usage intensity or after
long periods of inactivity. In the mBraun system, the catalyst (activated carbon) was
regenerated in situ using a 5% H> in Ar gas mixture, matching the Ar-based glovebox
environment. This method simplified the process and improved efficiency. In contrast, the
Saffron Scientific gloveboxes required off-box regeneration. The catalyst and molecular
sieve chambers had to be physically removed from the glovebox and treated externally.
These chambers were exposed to a controlled flow of regeneration gas (either 5% H; in Ar
or 5% Hb> in Na, according to the glovebox atmosphere) for at least 12 hours to eliminate
absorbed oxygen, moisture, and other contaminants. Both glovebox systems were equipped
with integrated analysers for real-time monitoring of Oz and H>O levels. In the event of
rising values, operational checks were initiated, and regeneration schedules were adjusted

accordingly to maintain optimal experimental conditions.
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a b

Figure 2-1: Images of the: (a) a Saffron Scientific Omega gloveboxes employed for sample storage in
this thesis, and (b) a mBraun UniLab glovebox employed for sample preparation and for housing the

STA.

2.2 Preparation methods and technique

2.2.1 Mechanochemistry

2.2.1.1 Introduction to Mechanochemistry

Mechanochemistry is a branch of chemistry that involves the initiation and promotion of
chemical reactions through the direct application of mechanical energy, such as grinding,
shearing, or milling."? According to International Union of Pure and Applied Chemistry
(IUPAC), It is formally defined as: "The branch of chemistry which is concerned with
chemical and physico-chemical changes of substances of all states of aggregation due to

the influence of mechanical energy."’

A key advantage of mechanochemical synthesis is its significantly reducing particle sizes
compared to conventional thermochemical methods.** This efficiency is achieved through
the continuous generation of fresh solid surfaces during milling and the subsequent

reduction of diffusion path lengths due to the persistent pulverization of particles.®

Mechanochemistry has gained significant attention in recent years for its broad
applications in organic synthesis, materials chemistry, pharmaceutical co-crystals, and
metal-organic frameworks (MOFs).” It enables reactions that are often faster, cleaner, and
more selective than traditional solution-based methods, while its solvent-free or
solvent-minimized nature aligns with green chemistry principles by reducing waste and
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energy consumption.®® As a result, mechanochemistry plays a pivotal role in developing
sustainable synthesis routes for functional solids, including those used in energy
applications and pharmaceuticals.!® It has also emerged as a valuable tool in addressing
environmental challenges, such as the degradation of persistent organic pollutants.'’!? In
addition, mechanochemistry is one of the principal preparative techniques for solid-state
hydrogen storage materials, facilitating the synthesis of novel hydrides, catalysed and
composite hydrogen release systems. The hydrogen desorption properties of
mechanochemically synthesized materials have been demonstrated to be comparable to, or
even superior to, those produced via conventional thermochemical solid-state methods.
This enhancement is attributed to the shorter hydrogen diffusion paths within the reduced
particle sizes.!* As shown in the Figure 2-2, It represents cross section of the milling jar of
planetary ball-milling machine. The large circles represent milling balls, and the small
black dots represent powder particles (reactants). The centrifugal force, indicated by an
arrow radiating from the centre of the jar's rotation, causes the milling balls and powder to
be pressed against the inner wall of the jar. Meanwhile, the milling jar stage moves along a

larger circular path, creating a combined rotational and translational motion.'*

Centrifugal Force

Movement/of the
milling jar/stage

Figure 2-2: The simple schematic diagram of the cross section of the milling jar.

To enhance the grinding efficiency in practical applications, there are many aspects that
can be improved, with the type of grinding equipment being the primary consideration.
Several types of ball milling equipment are commonly used in mechanochemistry, each
offering distinct advantages depending on the application. Planetary ball mills are among
the most widely used due to their high energy input and dual rotational motion, making
them ideal for organic synthesis, metal-organic frameworks (MOFs), and nanomaterial
preparation. Vibratory ball mills (such as Retsch MM 400) operate through high-frequency
oscillations and are suitable for small-scale, rapid reactions and solvent-assisted grinding.

Tumbler ball mills, with their simpler construction and lower energy input, are better suited
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for powder mixing and large-scale sample pretreatment. High-energy ball mills (such as
SPEX 8000 or Simoloyer systems) provide intense mechanical energy and are commonly
used in mechanical alloying and the production of nanoscale powders.'"> Then, the
conditions of ball milling reactions, such as rotation speed, the type of milling jar and balls,
milling time, and ball-to-powder mass ratio, are also crucial. Once the experimental mill is
selected, these parameters can be adjusted to control the intensity and nature of the
mechanical stress applied to the material. Structural changes in the crystal lattice are an
inherent outcome of mechanochemical processing, as the applied stress can induce strain,
structural defects, and dislocations. Moreover, crystal polymorphic transformations and
chemical reactions (such as decomposition reactions, alloying, and redox reactions) may

occur. '
2.2.1.2 Milling Machine, Procedure and Conditions

The Figure 2-3 shows the internal structure of a planetary ball mill (Retsch PM100 model),
with key components labelled to illustrate its mechanical setup and operational design. The
milling jar is set securely onto the milling jar stage, which is in turn fixed to a larger
rotating platform known as the sun wheel. The jar is clamped in place using clamp fixtures
and a jar clamp, while a counterweight on the opposite side helps balance the system
during high-speed rotation, reducing vibration on the instrument. A safety closure device
ensures secure operation, especially during high-energy grinding. During milling, the sun
wheel rotates in one direction, while the milling jar itself counter-rotates due to its
mounting on the rotating platform. This counterrotation creates a dynamic environment
where the milling balls inside the jar are subjected to intense centrifugal and Coriolis
forces. The relative motion between the grinding balls and the milling jar creates a
combination of frictional and impact forces, which together generate the intense dynamic
energy necessary for the milling process.!” This energy input effectively breaks down the

sample, leading to a significant reduction in particle size.

To conduct ball milling under an inert gas atmosphere, the materials(s), milling jar,
stainless steel milling balls, and safety closure device will be transferred into a glove box
filled with inert gas. Subsequently, the metal balls and materials will be placed into the
milling jar and sealed with a rubber ring and the safety closure device. The milling jar will
then be set onto the rotating platform inside the grinding chamber, and the milling
variables will be adjusted. As mentioned above, these variables include: rotation speed
(100-500 rpm), the type of milling jar and balls, milling time, rotation direction
(clockwise/anti-clockwise), and ball-to-powder mass ratio. In this project, the type of

milling jar and balls and the rotation direction are fixed. The milling jar and balls are made
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of stainless steel, and the rotation direction alternates between clockwise and
anti-clockwise. The remaining variables are different for each experiment. By adjusting
these experimental parameters, the intensity of the ball milling process can be
systematically controlled to tailor the grinding environment to different energy levels,
depending on the specific material under investigation. The detailed milling conditions for

each experiment will be described in the experimental sections of the subsequent chapters.

Jar Clamp Counterweight

Clamp Fixtures

“Sun Wheel”

Safety Closure
Device

Milling Jar

Milling
Jar Stage

Figure 2-3: Configuration of the milling jar in the Retsch PM100 planetary ball mill.

2.2.2 Schlenk Line

In this work, the Schlenk line was primarily employed to dry NaOH, graphene oxide (GO),
and guanidine under vacuum conditions. Figure 2-4 shows the setup of the Schlenk line
that consists of a double crossover manifold with multiple ports: one end is connected to
the atmosphere, and the other end is connected to a vacuum pump.!® When in use, the
valve connected to the atmosphere is closed, and the vacuum pump is activated to evacuate
the entire system. To prevent volatile reaction products and solvent vapours from entering
the vacuum pump, a cold trap (liquid nitrogen) is employed to condense liquids and
vapours. Schlenk glassware (two-necked round bottom flask) is similar to standard
glassware but includes an additional side arm with a tap, which is connected to the Schlenk

line via PVC tubing secured with O-rings.

To avoid contamination from air and moisture, and guarantee airtightness, all joints and
taps must be properly greased with a thin layer of vacuum grease, ensuring even
distribution. Additionally, all connections are wrapped with Parafilm to maintain vacuum

integrity, with a target vacuum pressure of ca. 2 x 107 mbar. If this pressure is not
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achieved, it indicates a leak, and the system must be re-inspected and re-configured. After
the experiment, the extra side arm with a tap on the Schlenk glassware is closed, and the
glassware is removed and transferred to a glovebox. The pressure is then released through
the upper valve, and the contents of the cold trap are disposed of after returning to ambient

temperature.

Sodium hydroxide (NaOH) is highly hygroscopic and may contain hydrated forms such as
NaOH-H:O. To ensure dryness, the Schlenk glassware containing NaOH is placed on a hot
plate and stirrer in an oil bath to facilitate uniform heating and heated to 100 °C. Under
vacuum conditions, the crystallization water is removed to yield anhydrous NaOH.
Graphene oxide (GO) is condensed into a solid under vacuum using liquid nitrogen, while

guanidine is dried at ambient temperature.

Connected
to Air

Cold Trap
(Liquid Nitrogen)

Connected to

T
Vacuum Pump Vacamin

Manifold

PVC Tubes

Two-necked Round
Bottom Flask

Figure 2-4: Schlenk line used in the experiment.

2.2.3 Pot Furnaces

A pot furnace was employed for thermal desorption experiments and conventional thermal
synthesis. The furnace was equipped with programmable temperature controllers
(Eurotherm), which permitted precise control over heating parameters such as ramp rate,
dwell time, and heating temperature. This degree of precision ensured the reproducibility

of the applied thermal conditions. The pot furnace used in this study is illustrated in Figure
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2-5. The furnace was utilized for material synthesis under a flowing argon (Ar) or nitrogen
(N2) atmosphere, for heating samples for simulating the conditions required for
simultaneous thermal analysis (STA) prior to conducting experiments in the thermobalance.
Some strongly exothermic reactions may require reducing the amount of starting material

to ensure that the overall reaction proceeds safely and controllably within the crucible.

To maintain controlled gas flow conditions, the reaction tube was sealed with a Suba-Seal
rubber septum, and gas inlet and outlet pathways were established using syringes and
tubing. The junction between the syringe and the rubber septum was wrapped with
Parafilm to prevent air ingress. The outlet gas flow was directed through an empty
Dreschel bottle, followed by a second Dreschel bottle containing an appropriate bubbler
fluid, such as paraffin oil. The empty Dreschel bottle served as a safety measure to prevent
backflow of the bubbler fluid into the reaction vessel. Subsequently, the gas flow rate was
regulated by adjusting the valve on the Argon or Nitrogen cylinder. An appropriate flow
rate was established by monitoring the bubbling rate of paraffin oil in the Drechsel bottle.
When the reaction in the pot furnace was complete, the sample vessels were cooled to
room temperature before removing. The samples were collected inside a glovebox to

ensure that the products were not exposed to air contamination.

Dreschel Bottle
(Contain Paraffin Oil) Gas Inlet (Ar or N;) Gas Outlet

Rubber Septum

Silica Tube
(Contain Reactants)

Programmable Pot Furnace

Temperature Controllers

Figure 2-5: The pot furnace used in the experiment.

2.2.4 Glassblowing

Custom glass tubes (quartz glass tubes) were fabricated using glassblowing equipment
under high-temperature furnace conditions. Quartz glass tubing is an amorphous material

formed by the fusion of high-purity silicon dioxide (SiO»), characterized by exceptional

58



thermal stability and chemical inertness. With a softening point of approximately 1665 °C,
it maintains excellent structural integrity even under high-temperature conditions, making
it suitable for applications involving elevated temperatures, vacuum systems, corrosive
environments, or ultra-high purity requirements. Quartz glass is typically shaped and
sealed using high-temperature sources such as oxyhydrogen flames; once softened, it can
be precisely formed or sealed, and is widely employed in gas sampling tubes,
high-temperature reactors, and related apparatus. Due to its extremely low coefficient of
thermal expansion, quartz glass is highly resistant to thermal shock and cracking, making it
one of the most dimensionally stable and durable glass materials available for demanding

scientific and industrial applications.!”

As shown in the Figure 2-6, The glassblowing torch was equipped with two gas inlet pipes
for natural gas and O.. Prior to ignition, a low flow rate of natural gas was introduced and
subsequently ignited with an open flame. The ratio of natural gas to oxygen was then
adjusted to achieve the optimal flame conditions required for the splitting of quartz glass
tubes and sealing operations. Didymium glassblowing safety glasses should be worn to
protect the eyes from intense light exposure during the process. During heating, the quartz
tubing must be continuously rotated to ensure uniform heating at the fracture site, which
facilitates even softening and prevents structural stress. Given the air sensitivity of the
materials in this study, the sample tubes were initially prepared inside a glove box and
sealed with Suba-Seal rubber septum and parafilm to prevent exposure to atmospheric
contaminants. This procedure ensured that the samples remained in an oxygen-free

environment during subsequent Raman spectroscopy measurements.

Glassblowing Torch

Didyvmium Glassblowing
Safety Glasses

Figure 2-6: Glassblowing used in the experiment.
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2.3 Characterisation Techniques

To effectively discuss the analytical techniques and instruments utilized in this study, it is
essential to first present a concise overview of the fundamental principles of atomic
quantum theory, which serve as the theoretical foundation for these methods. Previous
researchers, based on their fundamental understanding of the nature of light, have
developed a range of analytical tools. From a basic chemical perspective, light exhibits
both particle-like and wave-like properties, a concept known as wave-particle duality. The

equation is shown in 2-1.
E=hv Eq. 2-1

The energy of a photon, denoted as E (in J). v represents the frequency of the light wave in
hertz (Hz). h is Planck’s constant (6.63 x 10734 J-s). The electromagnetic spectrum, as
illustrated in Figure 2-7, encompasses the full range of electromagnetic radiation,
characterized by variations in both frequency (v) and wavelength (1) of the oscillating light
waves. The speed of the light ¢ is equal to 3.00 X 108 m s*!. The equation is shown in
2-2.

C=VA Eq. 2-2

Wavelength / nm

N
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Figure 2-7: Simplified representation of the electromagnetic spectrum.

Based on the understanding of wave-particle duality, electromagnetic radiation has become
an essential tool for conducting experiments that fundamentally reveal the nature of matter.
Scientists and engineers have designed and fabricated various instruments targeting
specific regions of the electromagnetic spectrum, enabling precise detection of materials at
the subatomic level. In this study, a combination of multiple analytical methods has been
employed, each utilizing a different portion of the electromagnetic spectrum to
comprehensively characterize the properties of the synthesized materials. The following
sections will provide a detailed introduction to these analytical techniques and their

theoretical foundations.

60



2.3.1 Crystallography and Diffraction

Crystallography is a scientific discipline that studies the structure and properties of
crystals.?’ By analysing the ordered arrangement of atoms or molecules within a material,
it reveals the internal structure and symmetry of the material.?’?> The core of
crystallography involves using X-ray, neutron, or electron diffraction techniques to
measure and analyse the diffraction patterns produced when radiation passes through a
crystal, thereby determining the precise positions and arrangements of atoms within the
crystal.?® Crystalline solids consist of atoms arranged in a highly ordered and periodic
manner, forming a lattice structure that repeats in three dimensions. This periodicity can be
captured by a fundamental building block known as the unit cell. As shown in Figure 2-8, a
unit cell is defined by three edge vectors (a, b, and c¢) along with the interaxial angles a, 3,
and vy, which describe the geometry and orientation of the cell in space.

z
/]

X

Figure 2-8 Schematic diagram of basic cubic unit cell

To establish a foundational understanding, the basic principles of diffraction theory in
relation to crystallography will be introduced. These principles are fundamental to
experimental investigations in solid-state chemistry. As illustrated in Figure 2-9,
diffraction arises when waves, such as X-rays or other forms of electromagnetic radiation,
encounter a material and are scattered by its internal structure.?* In the Figure 2-9, A and B
represent two incident X-ray beams striking different crystallographic planes and
undergoing reflection. Points X and Z correspond to the points of incidence (and reflection)
for beams A and B on the upper and lower planes, respectively, while point Y denotes the
reflection point of beam B on the adjacent lower plane. The segments XY and YZ form a
path perpendicular to the interplanar spacing and are used to calculate the optical path
difference between the two beams. Depending on the phase relationship of the interacting
waves, they can interfere either constructively or destructively, resulting in an increase or
decrease in intensity, respectively. In the context of crystallographic studies, the key
information is derived from constructive interference. Bragg’s law (Equation 2-3) provides

the fundamental mathematical framework for understanding diffraction phenomena. The
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equation 2-3 is shown as below:
nA = 2d sin 0 Eq. 2-3

In this equation, A is the wavelength of the incident radiation, d is the interplanar spacing
within the crystal. 0 is the angle at which constructive interference, and thus a diffraction
peak, is observed. The integer n indicates the order of reflection. In this study, only

first-order diffraction (n = 1) is considered, simplifying the equation accordingly.

7’
’ 2 dhkl

Figure 2-9: Schematic diagram of Bragg Diffraction path of X-rays on crystal planes. dhkl is the lattice
spacing. 0 is the angle between the lattice plane.

The information regarding the crystal structure is obtained by collecting data across a range
of diffraction angles (0). The diffraction pattern of the incident radiation, such as X-rays,
reveals diffraction maxima (peaks) that correspond to the specific Bragg angles (0) at
which Constructive interference occurs. The shape, position, and intensity of each peak

collectively provide critical information about the crystal structure.

The crystal system of a solid material can be identified based on the interplanar spacing
(d-spacing) obtained from diffraction measurements. The orientation of atomic planes is
described using Miller indices (h, k, 1), which serve as the basis for determining unit cell
dimensions. To further refine the description of a crystal’s geometry, the Bravais lattice
classification is applied. This framework combines the seven fundamental crystal systems
(as outlined in Table 2-1) with five possible lattice centrings: primitive (P), body-centred
(I), face-centred (F), base-centred (C), and rhombohedral (R), resulting in 14 unique lattice
types. From this structural information, a specific space group (one of the 230 recognized
symmetries) can be assigned to the crystal. These space groups will be used throughout this

study to describe the crystal structures of the synthesized compounds.?¢
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Table 2-1: Basic crystallography notation and symmetry information for the seven crystal systems.?’

Crystal Bravais
Unit Cell Parameters Point Groups
System Lattices
o B #7# 90° 1,-1
Triclinic P
azb#c (C1, Gi)
a=v7=90°
2, m,2/m
Monoclinic B #90° P, C
(C2, Cs, Con)
atzb#c
a=pB=7y=90° 222, mm2, mmm
Orthorhombic P,C,LF
atb#c (D2, Cav, D2n)
3,-3,32,3m,-3m
Trigonal/ a=p=y#90°
R (Cs, Csi, D3, Csv, D34)
Rhombohedral a=b=c
4, -4, 4/m,422,
a=pB=7y=90° dmm, 4-2m, 4/mmm
Tetragonal P 1
a=b#c (Ca4, Sa, Can, D4,
Cav, D2d, D4n)
6, -6, 6/m, 622, 6mm,
6-m2, 6/mmm
a=p=90°y=120°
Hexagonal P (Cs, Cs3h, Cen, De,
a=b#c
Csv, D3n, Deh)
23, m3, 432, -43m,
a=pB=7y=90°
Cubic PLF m3m
a=b=c
(T, Tn, O,T4q, On)

2.3.1.1 Powder X-Ray Diffraction

X-rays have shorter wavelengths than visible light within the electromagnetic spectrum. W.

H. Bragg and his son, L. Bragg, pioneered the study of X-ray interactions with crystals,
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recognising their potential for structural analysis.?®?*3° Their groundbreaking research
established X-ray diffraction as a widely applicable and essential analytical technique for

determining crystal structures.?!*?

Currently, X-rays play an extremely important and
wide-ranging role in science and technology, particularly in the fields of materials science,

physics, chemistry, biology, and medicine.

The radiation source employed in diffraction experiments plays a crucial role in
determining the quality of the data obtained, which in turn influences the precision of
crystal structure determination. In conventional laboratory diffractometers, a fixed source
generates X-rays by directing high-energy electrons towards a metal target (such as copper
used in the Panalytical X'Pert Pro and Miniflex instruments). The incident electrons excite
the metal atoms, causing electrons within the metal to transition from higher-energy to
lower-energy state, thereby releasing a specific amount of energy in the form of photons.
Laboratory X-ray diffractometers are typically equipped with a monochromator, often a
germanium crystal, which is specifically designed to select photons within the X-ray region

of the electromagnetic spectrum. In this work, the strongest Kou radiation from copper (A =

1.54 A) was utilised.

The sample holders used in this study were selected based on the nature of the samples. For
non-air-sensitive samples, a 10 mm pre-sample slit was installed on the X'Pert Pro
instrument. The Bragg-Brentano reflection geometry was applied as shown in Figure 2-10.
In this setup, the sample is tilted around an axis by an angle 0, while the detector is
positioned to rotate by an angle of 20 to capture the reflected radiation. Samples for the
X'Pert Pro were prepared on a quartz sample holder (slide), while those for the Miniflex
were prepared on an aluminium alloy sample holder. Both sample holders featured a recess
on the surface. After filling the recess with the sample, a glass slide was pressed over it to
ensure the sample was evenly distributed within the recess, thereby maximizing the
quantity of sample used for analysis. The Miniflex instrument is equipped with an
automatic sample changer and so has the advantage of being able to test six samples
consecutively and automatically, whereas the X'Pert Pro can only analyse one sample at a

time.
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Figure 2-10: Bragg-Brentano reflection geometry used in X’Pert and Miniflex measurements.

For air-sensitive samples, an air-sensitive sample holder was used on the X'Pert instrument,
as shown in Figure 2-11a. The sample preparation procedure was similar to that for
non-air-sensitive samples, with the material being loaded onto a quartz sample slide.
However, all preparation steps were conducted within a glovebox to prevent exposure to
air. Once the sample was loaded, an airtight cover was fitted onto the outer holder, and the
joints were sealed with high-vacuum grease and Parafilm. During PXD testing, the X-ray
beam passes through the window of transparent polymer film to reach the sample. The
polymer film exhibited a broad peak between 15° and 20°, which can easily be
distinguished from the diffraction peaks of the samples used in this work. For the Miniflex
instrument, an alternative air-sensitive sample holder was also employed, as depicted in
Figure 2-11b. The preparation process was likewise conducted within a glovebox, with the
sample loaded onto an aluminium alloy holder. After loading, a specially designed
tightening device was used to secure the airtight cover onto the sample holder. The
advantage of this holder is that it does not introduce any additional peaks and provides

enhanced sealing, ensuring the integrity of air-sensitive samples during analysis.
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a b

Figure 2-11: Air-sensitive sample holder for the: (a) X'Pert and (b) Miniflex powder X-ray
diffractometers.

Diffraction data for this work were obtained using two different laboratory diffractometers:
the Rigaku Miniflex and the Panalytical X'Pert Pro. The samples were analysed using Cu
Kou radiation over the angular ranges of 5° < 20 < 85° (ca. 1 hour duration). The step size
was set at 0.0167° and the scanning speed at 1.57° min’!. The diffraction data were
compared to standard patterns in the ICSD database via PowderCell or the ICDD PDF

database via PANalytical HighScore Plus software,?%3433.36

When the particle size of a product decreases, PXD peaks usually become noticeably
broader. This broadening arises from the inverse relationship between crystallite size and

peak width, as described by the Scherrer equation 2-4.%7
D=KMBcosO Eq. 2-4

In this context, D represents the crystallite size, K is the shape factor (typically ranging
from 0.89 to 0.94), A denotes the X-ray wavelength, B corresponds to the full width at half
maximum (FWHM) of the diffraction peak, and 0 is the diffraction angle. From the
equation, it is evident that the peak width f is inversely proportional to the crystallite size
D; smaller crystallites result in broader peaks. Smaller crystallites reduce the number of
coherently scattering planes, leading to an increase in the full width at half maximum
(FWHM) of diffraction peaks. Additionally, factors such as lattice distortion and structural
disorder, which are common in nanomaterials, can further contribute to peak broadening.
Therefore, PXD peak width is a valuable indicator of particle size reduction, especially in

the characterization of nanostructured materials.
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2.3.1.2 Structure Refinement and Rietveld Method.

The Rietveld method is a full-profile structural refinement technique, and in this work, the
GSAS-EXPGUI software was utilised to implement this method.’®* The fundamental
principle of the Rietveld method is to, not only merely performing profile fitting, extract
detailed crystallographic structure information.*° This method requires prior knowledge of
the material's composition. A suitable structural model is then selected from the Inorganic
Crystal Structure Database (ICSD). By iteratively refining the fitting parameters, the
profile fitting can be optimized to closely match the experimental data. This process yields
structural information that closely approximates the actual material. Moreover, when
multiple phases are present, the method allows for the determination of the weight

percentage of each individual component.

2.3.2 Raman Spectrometry

Raman spectroscopy is a non-destructive vibrational spectroscopic technique that is widely
used in chemistry, materials science, physics, and biology to analyse the molecular
structure, chemical composition, crystal structure, and phase transitions of solid, liquid,
and gaseous samples.*!"*? Its fundamental principle is based on the phenomenon of Raman
scattering, first discovered by C. V. Raman in 1928.#* When a monochromatic laser is
directed onto a sample, most photons undergo elastic scattering (Rayleigh scattering),
retaining the same energy as the incident light. However, a very small fraction of photons
(ca. one in a million) interacts with the vibrational modes of molecules, leading to a change
in photon energy. This inelastic scattering is known as Raman scattering. As shown in the
Figure 2-12, two types of Raman scattering may occur: Stokes scattering, where the
scattered photon has lower energy than the incident photon, corresponding to a transition
from the molecular ground state to an excited vibrational state (this is the more common
and stronger signal); anti-Stokes scattering, where the scattered photon has higher energy
than the incident photon, due to the molecule being in an excited vibrational state before
interaction.** This signal is typically weaker due to the lower population of thermally
excited molecules. The energy difference, known as the Raman shift, is expressed in
wavenumbers (cm™) and is equal to the difference between the frequencies of the incident
and scattered photons, corresponding to the energy of a specific molecular vibrational
mode. For a vibrational mode to be Raman active, it must be accompanied by a change in
the polarizability of the molecule, which refers to the ease with which the electron cloud is

distorted under an external electric field.*’
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Figure 2-12: Schematic diagram of energy changes associated with Raman scattering.

A typical Raman spectrum plots Raman shift (x-axis) against scattered intensity (y-axis),
where each peak corresponds to a specific vibrational mode of the material. The peak
position reflects the type of chemical bond, molecular symmetry, or lattice structure, while
the peak intensity and width provide insight into factors such as concentration, crystallinity,
structural order, and internal stress.*® For example, highly crystalline materials often
exhibit sharp and strong Raman peaks, while amorphous or defect-rich materials show
broadened and weaker peaks. Shifts in Raman peak positions can also indicate changes in
structure caused by doping, stress, temperature fluctuations, or phase transitions. Owing to
these advantages, Raman spectroscopy is widely used to investigate the structure and
properties of a variety of functional materials, including carbon-based materials (e.g.,
graphene, carbon nanotubes, diamond), inorganic oxides, semiconductors,
two-dimensional materials, and polymers. Its specific applications include functional group
identification, phase analysis, stress/strain detection, doping monitoring, compositional
mapping, and in situ monitoring of chemical reactions, making it a highly valuable

analytical tool.#’

All analyses conducted in this study utilized a Horiba Jobin Yvon LabRam instrument,
equipped with a confocal microscope, 600/1200 grooves/mm grating (1 mm™), a 100 um
pinhole aperture, and a Synapse CCD detector. The instrument employed either a green
(532 nm) or ultraviolet (325 nm) laser. The Figure 2-13 illustrates a typical optical setup of
a micro-Raman spectroscopy system, based on the principle of Raman scattering. A stable,

monochromatic laser source serves as the excitation light, which is directed by a beam
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splitter toward the sample through a microscope objective. The objective lens focuses the
laser onto the sample surface, where Raman scattering occurs. Among the scattered
photons, a small fraction undergoes inelastic scattering, generating Raman signals that
carry vibrational information about the sample. These scattered signals are collected by the
same objective and pass back through the beam splitter. A notch filter is placed in the
return path to efficiently suppress the intense Rayleigh (elastically scattered) light while
allowing the weaker Raman-shifted light to pass. The filtered Raman signal is then focused
by a lens and directed into a spectrometer, where it is dispersed into its component
wavelengths using a diffraction grating. Finally, the dispersed light is detected by a CCD

(charge-coupled device), which converts the optical signals into electronic data to produce

CCD

the Raman spectrum.*®
Focusing Spectrometer

Laser

Lens
Beam
Splitter

Notch
Filter

Microscope
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Sample ——— Iil

Figure 2-13: Schematic diagram of the optical path configuration of the micro-Raman spectroscopy

system.49

2.3.3 Thermal Analysis

Thermal analysis techniques have undergone decades of refinement and development,
becoming key methods for investigating thermodynamic processes during sample heating.
Common thermal analysis methods include Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), Differential Thermal Analysis (DTA), and Dynamic
Mechanical Analysis (DMA). DSC is widely used to determine the glass transition
temperature, melting point, crystallization temperature, and reaction enthalpy changes of
materials, making it an important tool for studying phase transitions and thermal processes.
TGA reveals the thermal stability, decomposition behaviour, and volatile content of

materials by measuring mass changes as a function of temperature. DTA is employed for
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qualitative analysis of endothermic or exothermic reaction processes. DMA evaluates the
mechanical property changes of polymer materials under thermal loading. Thermal
analysis techniques offer advantages such as high sensitivity, comprehensive information,
and relatively straightforward operation. However, results are significantly influenced by
conditions such as atmosphere and heating rate, often necessitating combination with other
characterization methods. Through thermal analysis, deeper insights into material thermal
behaviour can be gained, providing critical guidance for new material development,
product performance optimization, and process condition design.’®3'>2 In this study,
Simultaneous Thermal Analysis (STA) was employed, which combines Thermogravimetric

Analysis (TGA) and Differential Thermal Analysis (DTA).

Gibbs free energy and Hess's law are fundamental and core thermodynamic principles. To
determine the enthalpy change of a specific chemical reaction, the principle of energy
conservation embodied in Hess's law can be applied.’® This method is based on the
difference in standard enthalpies of formation between reactants and products, allowing the
calculation of the heat change involved in the reaction process. Equation 2-5 presents the
mathematical expression of Hess's law. AHr represent the standard enthalpy of each
component. The n and m represent the stoichiometric coefficients of the products and

reactants in the balanced reaction, respectively.
AH° = ZnAH¢ (products) — EmAH°(reactants) Eq. 2-5

Once the enthalpy and entropy changes associated with a reaction are determined, the
thermodynamic feasibility of the reaction can be evaluated using the Gibbs free energy

equation 2-6:
AG° = AH®° — TAS® Eq. 2-6

When the value of AG is significantly positive, it indicates that the reaction is
thermodynamically non-spontaneous under standard conditions, tending to maintain an
equilibrium state between reactants and products. Conversely, if AG is significantly
negative, the reaction can proceed spontancously under standard conditions, favoring
complete formation of the products. When AG is close to zero, the system tends to

establish an equilibrium coexistence of reactants and products.

Prior to subjecting the materials to Simultaneous Thermal Analysis (STA), preliminary
heating experiments were conducted using a pot furnace under an inert atmosphere (Ar) to
evaluate the thermal properties of the samples. This pretreatment step was designed to
prevent potential damage to the STA equipment caused by the release of large amounts of

heat during the reaction.
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2.3.3.1 Simultaneous Thermal Analysis (STA; TG-DTA)

In this study, Simultaneous Thermal Analysis (STA) combines Thermogravimetric
Analysis (TGA) and Differential Thermal Analysis (DTA). The instrument used was the
Netzsch STA 409 PC, as shown in Figure 2-14. The instrument features a multi-channel
gas flow system: green arrows indicate the purge gas (Ar; 60 ml/min) that flows through
the sample chamber to maintain an inert atmosphere; blue arrows represent protective gas
(Ar) that shields sensitive components like the balance; and black dashed lines indicate the

vacuum pathway used to control the pressure environment.
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Figure 2-14: Schematic of the STA instrument employed in this work.>’

Differential Thermal Analysis is a technique that involves heating two alumina crucibles
under the same conditions: one containing the sample to be tested and the other serving as
an empty reference. As described in Figure 2-15, the arrangement of the crucibles on the
sample holder ensures that both are subjected to the same thermal treatment. The key
measurement in DTA is the temperature difference (AT) between the sample crucible and
the reference crucible. Under normal circumstances, without thermal events such as
decomposition reaction or phase change in the sample, the temperatures of the two
crucibles should be the same. The DTA curve, which plots this temperature difference, can
distinguish between exothermic and endothermic processes, offering valuable information

into the thermal properties of materials.

In TGA measurements, the masses of the sample and reference crucibles cannot be exactly

identical. Therefore, before placing the sample, the empty sample crucible and reference
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crucible must be calibrated using the balance system to equalize their relative masses. The
sample is then added. The sample mass depends on the total amount of synthesized
material available, typically ranging from 15 to 30 mg. By combining the weight change
data from TGA with the thermal events observed in DTA, an initial assessment of whether

a reaction has occurred can be made.

Sample 5 Reference
Crucible Crucible

——— T Thermocouple

Figure 2-15: Diagram of STA crucible arrangement.>*

Prior to the experiment, empty alumina crucibles are heated to the target experimental
temperature at predetermined heating rates (1, 2, 5, 10, and 20 °C/min) to create calibration
files. In the initial trials, approximately 15-30 mg of sample is loaded into the sample
crucible. The preliminary experiments typically follow a procedure in which the sample is
heated from room temperature to the desired temperature at a rate of 5 °C/min, followed by
natural cooling. Subsequent experiments can be adjusted based on the TG-DTA data by
modifying the heating rate and sample mass accordingly. The relevant data are acquired
using the Proteus analysis software provided with the Netzsch TA4 5 series instruments
and can also be exported to external software (e.g., Origin) for further data visualization.
The TG-DTA experiments provide critical parameters such as the onset temperature of

thermal events, peak temperature, and mass loss during the heating process.

After the experiment, some residue is likely to remain in the crucible. The alumina
crucibles can be reused after proper cleaning. The cleaning process involves exposing the
used crucibles to air for 24 hours to allow any remaining residues to react with atmospheric
oxygen. The crucibles are then soaked in aqua regia (3:1 HCI:HNOs3) for approximately 24
hours. Afterward, they are heated at 1100 °C for 6 hours to ensure complete removal of any
remaining residues. Residues may also accumulate on the thermocouple, particularly if the
reaction is highly intense. To clean these deposits, the STA system is heated to 1100 °C

under vacuum and held for 3 hours to allow for the evaporation of residual materials.

Beyond the basic evaluation of the onset temperatures, peak temperatures and enthalpy of
thermal performance occurring in a sample, activation energy of the reaction can be
calcuated through the Kissinger plots.>> These plots can be used to determine the
activation energy (E.) for dehydrogenation reaction. The Kissinger plots equation 2-7 is

shown as below:
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In(B/Tm ?) =— EJRT  Eq.2-7

B is the heating rate. In this study, the heating rate chosen were 2, 5, 10, 20 °C/min. Ty, is
the DTA peak temperature (K). Ea is the activation energy. R = 8.314 J-K'!'mol!. A
straight line is obtained by plotting In(B/Tm?) on the y-axis against 1/Tm on the x-axis
(fitted line based on 4 peak temperatuer points). The simplified equation for this linear fit
is shown in Equation 2-8, where m represent the slope. The activation energy (E.) is

calculated from this slope according to Equation 2-9, Ea =-R m
y=mx+c Eq.2-8

m =— E./R Eq.2-9

2.3.3.2 Mass spectrometry

Mass spectrometry (MS) is a highly sensitive analytical technique widely used to
determine the molecular weight, structural composition, and distribution of compounds. Its
fundamental principle involves ionizing the sample via an ion source to generate charged
particles, which are then separated based on their mass-to-charge ratio (m/z) under the
influence of electric or magnetic fields. These ions are subsequently detected by a detector,
and the resulting signals are recorded to produce a mass spectrum.’’ In this study, mass
spectrometry (MS) is coupled with STA to enable simultaneous evolved gas analysis
(EGA). The MS instrument used was a Hiden Analytical HPR20, and data acquisition was

carried out using MASsoft Professional mass spectrometer control software.

This MS system features two gas detection modes, each associated with a specific detector.
The first is line mode, which uses a Faraday cup detector and is commonly employed for
targeted ion monitoring. In this mode, specific ions are detected based on known m/z
values. For example, hydrogen (H:) is typically monitored using m/z = 2 in this study.
When the ion beam collides with the metal surface (see Figure 2-16), the ions are
neutralized by gaining or losing electrons through interaction with the metal wall,
generating an electric current. This current, after amplification, provides a signal
corresponding to the presence of specific ions.>® This mode is best suited when the possible
gas species released are known in advance. However, in cases where the gaseous products
are unknown or multiple gas species may be present, the second mode, bar mode, is
employed. This mode utilizes a secondary electron multiplier detector, which is capable of
scanning a wide m/z range (0 - 200 atomic mass units, amu). In this mode, weak ion
signals are amplified through a cascade process to generate measurable current.

Specifically, the incident ions strike the initial dynode of the multiplier, releasing
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secondary electrons. These electrons are accelerated and sequentially impact additional
dynode stages, releasing more electrons at each stage.> This cascading effect culminates in

a strong detectable signal at the collector.

Il | 1
¥
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lon Beam _
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Figure 2-16: Faraday Cup detector used in the EGA employed in this work. (Adapted from reference
60)

By analyzing the changes in the TG and DTA curves, the time window during which a
reaction occurs can be determined. Then, by examining the m/z signal variation within that
time frame, the atomic masses of the released gases can be inferred. Based on this, the
likely gas species can be proposed and subsequently confirmed by targeted detection using

line mode.
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3. Dehydrogenation of NaOH-NaH with Various
Catalysts

3.1 Introduction

3.1.1 Sodium Hydride and Sodium Hydroxide system

Among various hydrogen storage materials, sodium-based compounds have emerged as
promising candidates for stationary hydrogen storage applications because sodium is one
of the most abundant elements on Earth (2.64 wt.%) and cost-effectiveness.! Additionally,
sodium resources are widely distributed across the globe, being readily available from both
seawater and underground deposits.? Recent studies by Xu ef al have demonstrated that
sodium oxide (Na;O) exhibits a high capacity for hydrogen absorption at near-ambient
temperatures (~60 °C), forming sodium hydride (NaH) and sodium hydroxide (NaOH).?
Moreover, the hydrogenated products, NaH and NaOH, can be efficiently reverted to Na-O
through thermal treatment, highlighting the material’s potential for reversible hydrogen

storage.*
Na>O + H2= NaH + NaOH AH = +55.65 kJ/mol H» (3.2 wt.%)

Dehydrogenation in the NaH-NaOH system occurs at a lower temperature than that of
NaH alone. This reduction in dehydrogenation temperature is likely attributed to the
interaction between the distinct hydrogen species present in NaOH and NaH, namely,
protonic hydrogen (H) and hydridic hydrogen (H?), respectively. However, the precise
dehydrogenation mechanism remains unclear. Notably, early investigations of the Na—O—H
system have suggested that alkali metal hydrides and their corresponding hydroxides may
exhibit miscibility. More recently, studies exploring the effect of NaOH as an additive in
the NaH system have revealed that approximately 10 mol% of NaOH can be incorporated
into the NaH structure, enhancing hydrogen mobility above 150 °C.>* These findings
indicate that hydroxide ions (OH") can substitute for hydride ions (H") within the NaH
lattice at elevated temperatures. Given the strong correlation between proton conduction
and hydrogen uptake/release kinetics, a detailed investigation into the structural and phase
evolution of the Na—O—H system upon heating is expected to provide crucial insights into

the desorption mechanism, ultimately guiding strategies for performance optimization.

According to Mao et al’s research, Na-O begins to absorb hydrogen at slightly above
ambient temperatures (30-50 °C) under relatively low hydrogen pressure (18 bar).> The
hydrogenated products, NaH and NaOH, release hydrogen at lower temperatures compared

to pure NaH. Furthermore, differential thermal analysis (DTA) has identified an
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endothermic event near 170 °C in the NaH-NaOH system, which cannot be attributed to
either the dehydrogenation reaction of the mixture or the phase transitions of the individual
components. In-situ synchrotron powder X-ray diffraction (PXD) analysis confirms the
formation of a solid solution between NaOH and NaH, which remains stable up to 240 °C.
Within the temperature range of 160-240 °C, both NaH and Na(H,OH) cubic phases
exhibit significant volume expansion. This pronounced intraphase interaction between
protonic and hydridic hydrogen species is proposed as the primary driving force facilitating

dehydrogenation in the hydride—hydroxide system.
3.1.2 Aim

The purpose is to validate the mechanism proposed by the NaOH-NaH system and to probe
the dehydrogenation reaction pathway in more detail. The kinetics of NaH-NaOH systems
might be further improved by the choice of suitable catalysts.

3.2 Experimental

3.2.1 Preparation of the System

NaH (Sigma Aldrich, dry, 90%), MoS: (Sigma Aldrich, powder, 98%), SiC (Sigma
Aldrich, 400 mesh, >97.5%), Ni (Sigma Aldrich, powder, 99.7%), Ti (Sigma Aldrich, 325
mesh, > 99.5%), TiF; (Sigma Aldrich, 5g), KMnO4 (Sigma Aldrich, ACS reagent, > 99%)),
H>SO4 (Fisher Scientific, > 95%), Mg (Alfa Aesar, 325 mesh, 99.8%) and Si (Sigma
Aldrich, 325 mesh, 99.5%) were used as received. NaOH (Alfa Aesar, pellet, 99.99%) was
dried prior to synthesis experiment through use of the Schlenk line. (100 °C; -2 X 107 bar)

Because of the air and moisture sensitivity of NaOH (Alfa Aesar, pellet, 99.99%), Na>O
and NaH (Sigma Aldrich, dry, 90%), all operations were conducted in a recirculating
Argon or N»-filled (BOC, 99.998%) glovebox (MBraun LABstar, Oz < 10 ppm, H>0 < 0.5
ppm). NaOH (Alfa Aesar, pellet, 99.99%) was ball-milled for 1 hour to reduce the particle
size of the powder. After ball-milling, the NaOH was sent to Schlenk line to dry overnight.
(100 °C; -2 X 107 bar)

3.2.2 Ball-milling of NaOH-NaH

About 0.5 g of various NaOH-NaH mixtures (discussed in more detail in following
sections) were weighed and then transferred to a stainless steel grinding jar that was filled
with eight stainless steel balls (10 mm diameter), each of which weighed ca. 4 g. The
grinding jar was sealed under argon before removal from the glovebox. Unless otherwise
stated, ball milling was conducted at a 400 rpm rotation speed with a ball-to-powder ratio
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of 60:1 in a planetary ball mill (Retsch PM100) over 5-minute milling periods (reverse
rotation) followed by 5-minute rest periods. Milling durations are specified in subsequent

sections.
3.2.3 TG-DTA-MS Studies

Compositions in the hydroxide-hydride system was characterized using
thermogravimetric-differential thermal analysis (TG-DTA) coupled with mass
spectrometry (MS) to investigate their respective thermal behaviour. These experiments
aimed to determine the onset and peak temperatures of thermal events during heating, to
quantify the weight loss, and to identify the nature and quantity of gaseous species evolved
during the reaction. TG-DTA measurements were conducted using a Netzsch STA 409 PC
instrument, which was coupled to a Hiden HPR20 mass spectrometer. All analyses were
performed under an argon flow, and sample handling was carried out exclusively in inert

atmosphere glove boxes to prevent contamination or unwanted reactions.

Prior to analysis, correction files were generated, followed by the examination of the
materials. Initial experiments involved heating the samples from room temperature to
500 °C at a rate of 5 °C/min. Based on the results of these preliminary TG-DTA
measurements, subsequent experiments were designed to investigate intermediate
temperature points, enabling the identification of any transient species formed and
facilitating the elucidation of the hydrogen release mechanism. For each experiment,

approximately 15-30 mg of sample was subjected to thermal treatment.

TG-DTA analysis was further employed to determine the activation energy of
compositions in the Na-H-OH system using the Kissinger method. Samples were heated to
500 °C at varying heating rates of 2, 5, 10, and 20 °C min’!, and Kissinger plots were

constructed to extract kinetic parameters associated with the dehydrogenation process.
3.2.4 Powder X-ray Diffraction (PXD)

All starting materials and hydride-hydroxide hydrogen release systems were characterized
using PXD. All the materials used in this study were air-sensitive. Therefore, all the
samples were prepared wusing the air-sensitive sample holder wunder inert
atmosphere.(glovebox) All the materials were characterized by PANalytical X’Pert.
Diffraction data was collected over a 20 range of 5-85° for 1 h to facilitate phase
identification. The obtained diffraction data were compared with appropriate reference
patterns using the ICSD database via PowderCell or the ICDD PDF database via
PANalytical HighScore Plus software.®’ Rietveld refinements were performed using the

General Structure Analysis System (GSAS) with the EXPGUI interface.?
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3.2.5 Catalyst Preparation

In addition to the catalysts mentioned previously in 3.2.1: MoS,, SiC, Ni, Ti, and TiF3, two

other catalysts were synthesised prior to ues. These were rGO and Mg>Si.

Graphene oxide (GO) was synthesized following Tour’s method.? Briefly, a mixture of 360
mL of sulfuric acid (H2SO4) and 40 mL of phosphoric acid (H3POs; Fisher Scientific, >
95%) was prepared and cooled in an ice bath (0 °C, a mixture of ice and water). Once the
solution reached the desired temperature, 18 g of potassium permanganate (KMnQOs; Sigma
Aldrich, ACS reagent, > 99%) was gradually added to 3 g of graphene agglomerates. The
resulting powder was then slowly introduced into the acid mixture while ensuring that the
solution did not overheat. The reaction mixture was allowed to warm naturally to room
temperature upon removal from the ice bath and subsequently heated to 50 °C for 16 h.
During heating, the initially black solution transitioned to a brown colour. Then, the
reaction mixture was poured into 400 mL of cold deionized (DI) water, maintained in an
ice bath (0 °C, a mixture of ice and water), followed by the addition of 7 mL of hydrogen
peroxide (H20,, 30%, Sigma-Aldrich). The final mixture was then allowed to warm
naturally to room temperature. Centrifugation was employed to separate the dispersed GO,
and the supernatant was exchanged with DI water through repeated washing. A minimum
of ten such washing cycles were performed to ensure the removal of residual reactants.
Once a purified GO dispersion was obtained, it was adjusted to a concentration between 14
mg mL"! and 20 mg mL"!. The dispersion was sonicated using an Elma S30 Elmasonic bath
and subsequently transferred into a syringe equipped with a needle. The concentrated
dispersion was carefully dispensed dropwise into liquid nitrogen, forming solid, saturated
beads. The frozen beads were then freeze-dried using a Schlenk line under a vacuum of
approximately 3.10°! mbar, with temperatures ranging from —198 °C to room temperature.
The resulting materials (GO) were loaded into a crucible and heated in a furnace at a rate
of 2 °C min™! until 250 °C, and dwelled at this temperature for 3 h before cooling down.
This was in order to eliminate CO/CO; via their release in subsequent heating cycles of this

material. After heating, the reduced graphene oxide, rGO, was collected from the crucible.

Magnesium silicide (Mg>Si) was synthesized following the method reported by Fan et al.'
A total of 70 mg (2.88 mmol) of magnesium powder (Mg, 99.8%, 325 mesh, Alfa Aesar)
was thoroughly mixed with 35 mg (1.25 mmol) of silicon powder (Si, 99.5%, 325 mesh,
Sigma-Aldrich). To compensate for the volatilization of Mg, an excess of Mg powder (15
wt.%) was employed, corresponding to a Mg:Si molar ratio of 2.3:1. The mixed powders
were transferred into an alumina crucible, which is considered microwave

(MW)-transparent. The crucible containing the reactants was placed inside a quartz tube,
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which was subsequently sealed and connected to a vacuum line outside the glovebox. A
modified single-mode MW cavity reactor (CEM Discovery, 2.45 GHz) with an adjustable
input power of 0-300 W was used for synthesis. The powder mixture was subjected to
MW irradiation at an incident power of 200 W under a static vacuum of P < 10 mbar. The
irradiation was maintained for 120 s to facilitate Mg:Si formation. Following MW
treatment, the quartz tube was allowed to cool naturally to room temperature. The
synthesized Mg>Si samples were then ground and stored in an inert atmosphere within a

glovebox to prevent oxidation before further characterization.

3.3 Result and Discussion

3.3.1 Thermal Treatment of the Individual NaOH and NaH Components

To investigate the thermal behaviour of NaOH itself, samples were heated under flowing
argon from room temperature to 400 °C at a heating rate of 5 °C min’!. From Figure 3-1
and 3-2, the TG results indicate that mass loss begins at approximately 55 °C and reaches
8.74 wt.% by 140 °C, followed by a gradual decrease to 8.81 wt.% at 420 °C. If the loss is
entirely due to H>O, calculations show that the NaOH sample contains approximately
21.978 at.% NaOH-nH20O (n = 1).The DTA analysis reveals five distinct thermal events at
66.22 °C, 137.21 °C, 288.10 °C, 295.63 °C, and 312.80 °C. Notably, only two of these
peaks (those occurring at lower temperatures) coincide with the primary mass loss,
suggesting that the remaining thermal events correspond to processes occurring

post-dehydration.

The latter three peaks will be analysed in a subsequent section. From the MS data in Figure
3-2, the presence of an H>O signal, along with the PXD pattern in Figure 3-3 showing
additional NaOH-H,O peaks besides those of NaOH in the as-received sample, indicates
that the mass loss observed in Figure 3-1 from 55 to 140 °C is due to H20. The DTA peak
at 66.22 °C in Figure 3-1 represents the gradual evaporation of water partially adsorbed on
the surface. When the temperature reaches 110 °C, the MS signal for H.O increases and a
significant total mass loss begins, suggesting the evaporation of H.O from NaOH-H>O

impurities. This also corresponds to the DTA peak at 137.21 °C in Figure 3-1.!!
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Figure 3-1: TG(red) and DTA(blue) profiles for as-received NaOH on heating from 35-400 °C at 5 °C
min! under flowing Ar(g). The TGA profile is shown in red (right hand y-axis) and the DTA profile is

shown in blue (left hand y-axis).
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Figure 3-2: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a

function of temperature for as-received NaOH on heating from 35-400 °C at 5 °C min™! under flowing

Ar gas.
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Figure 3-3: PXD patterns of NaOH as-received (I) and NaOH after drying (II). (1 represent NaOH)

To remove the crystallised water from NaOH-H>0, the NaOH monohydrate was dried on
the Schlenk line under 2x102 Pa vacuum at 100 °C. After drying, no H2O signal is
observed in the MS data of Figure 3-5, and there is almost no mass loss between
55-140 °C. Therefore, after drying using the Schlenk line, the NaOH-nH>O (n = 1) peaks
in the PXD pattern of Figure 3-3 have nearly completely disappeared. Once analysis had
established that the process at 137 °C was due to the loss of one equivalent of water from
NaOH-H;0. By comparison with the TG-DTA results for the undried NaOH sample, this
confirms that the initial NaOH contained approximately 9 wt.% water before drying which
is 21.978 At. % NaOH-nH>O (n=1). Figure 3-4 presents two peaks at 297.18 °C, and
315.44 °C without mass loss. Figure 3-4 shows that there is no water and hydrogen
released during heating. Also, The first peak at 297.18 °C corresponds to the o-f
(orthorhombic-to-monoclinic) phase transition of NaOH, which is clsoed to 299 °C as
reported in the literature.’ The second peak is attributed to the melting of NaOH because
the melting point of the NaOH should be 318 °C.!>!3 To investigate the thermal behaviour
of dry NaOH after ball-milling for comparision, the NaOH was ball-milled for 2 h and
heated to 400 °C at 5 °C min'. In Figure 3-6, the ball-milled NaOH does not show any
mass change, and the temperature maxima of the two main DTA peaks are close to those of
the unmilled sample. Furthermore, NaOH is highly stable. Even after ball milling and
subsequent heating to 900°C, NaOH does not undergo decomposition. (Appendix 3-1)
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Figure 3-4: TG(red) and DTA(blue) profiles for NaOH after drying on heating from 35-400 °C at 5 °C

min! under flowing Ar(g).

—— Water ‘
—— Hydrogen|
e \’/
1.50E-08 -
=
&
2 1.00E-08 -
[72]
| o
9
£
5.00E-09
0.00E+00 -
T T = T

g LI 7T r I & L ~ I = 1
0 50 100 150 200 250 300 350 400 450
Temperature ('C)
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function of temperature for NaOH after drying on heating from 35-400 °C at 5 °C min"' under flowing

Ar gas.

85



0.0 +
789 7T
Ul - 100.5
-0.5
—~ 1.0+ - 100.0
g’ =
o
E =-1.5 i
€ %95 2
~ -2.04
< =
l_
O 254 - 99.0
-3.0 4
- 98.5
35
-4.0 T T T T T T T 98.0

T T
0 50 100 150 200 250 300 350 400 450
Temperature ('C)

Figure 3-6: TG(red) and DTA(blue) profiles for ball-milled NaOH (2h, 400rpm) on heating from
35-400 °C at 5 °C min™! under flowing Ar(g).

High purity NaH was not available online. The 90 at.% NaH from sigma was the only
commercial NaH available at the time the experiments were performed. From Figure 3-7,
the DTA profile only has one peak at 380 °C that represents the decomposition of unmilled
NaH.

2NaH = 2Na + H» Eq. 1

The theoretical mass loss for this decomposition reacton is ca. 4.17 wt.%. The
experimental mass loss of about 3.59 wt.% was therefore unexpected. There are (at least)
two possible reasons for this. The first reason may be that 10 at.% of the sample is an
impurity (or impurities) that does decompose or react with NaH below 450 °C. This “inert”
impurity mass thus reduces the overall mass loss of the NaH sample. However, in theory,
the mass loss should reach 3.75 wt.%. One other possible reason for the mass difference is
if the impurity is NaOH. This could arise because NaH is sensitive to water (air) - to form
NaOH. The presence of NaOH is confirmed in Figure 3-8. If the 10 at.% of impurities are
NaOH, the theoretical mass loss should be 3.64 wt.%, which is closer to the experimental
value of 3.59 wt.%. Therefore, based on the mass loss, the 10 at.% impurity is most likely

NaOH, and it likely reacts with NaH.
NaOH-+NaH = Na;O + H» Eq.2

In addition to the above-mentioned similarity in mass, from Figure 3-8, the peak of NaH at
32° is close to the peak of NaOH at the same position. Due to the amount of NaOH being
quite small, the peak of NaOH may be covered by NaH at 32°. The peak of NaH at about
38° is the same as the peak in NaOH. It also didn’t show the peak of Na. The possible

impurity in NaH is about the NaOH because the water in the air cannot be avoided
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completely. After structure refinement as shown in Table 3-1, the purity of the new NaH
can be confirmed. Therefore, to provide a real molar ratio of 1:1 NaOH:NaH the amount of
the 9.69 wt.% NaOH impurity in NaH should be factored into reaction calculations.
Therefore, if all the impurity in the NaH is assumed to be NaOH, and the moles of NaOH

and NaH are 1 and X respectively, then the calculation equation can be made as below:
(40+24*0.0969X)/40 = 0.9031X X=1.19

Therefore, the ideal molar NaH:NaOH ratio is approximately 1.19 : 1 when using the NaH

(90%) starting material.

[—oTa
| Mass

3 : , 102
380.97 T

101

3.59 wt%

96

T T T T T T

T T T
0 50 100 150 200 250 300 350 400 450
Temperature (C)

Figure 3-7: TG(red) and DTA(blue) profiles for as-received NaH (purity: 90%) on heating from
35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 3-8: PXD patterns of ball-milled NaOH (dry, 1h, 400rpm; II) and as-received NaH (90 at.%; I).

NaH pattern is experimental data taken for the as-received starting materials. ( The arrows indicate

NaOH in the NaH sample pattern.)
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Figure 3-9: Profile plot from Rietveld refinement of as-received NaH (90%). (Purple represent NaOH;

Blue represent NaH; Black represent observed line; Red represent calcualted line; Green represent

background line).
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Table 3-1: Crystallographic Data Obtained from the Rietveld Refinement for NaH(90%) as-received.

Chemical formula NaH NaOH
Crystal system cubic orthorhombic
Space group Fm-3m(225) Bmmb(63)
a/A 4.8789(1) 3.403(3)
b/A 4.8789(1) 11.354(5)
c/lA 4.8789(1) 3.398(3)
V/A3 116.14(1) 131.34(7)
Formula weight/ g mol-1 23.998 39.997
Calculated density/ g cm-3 2.27 2.13
Formula unit/ Z 4 4
Weight percentage/ wt.% 84.824 15.176
Purity/ at.% 90.31 9.69
No. Of observation 4786
Rwp 0.2650
Rp 0.2002
i 3.039

3.3.2 Dehydrogenation of NaOH-NaH and Mechanism

To investigate the reaction pathway and mechanism of NaOH-NaH dehydrogenation, the
hydroxide-hydride mixture was first ball-milled for 2 h (400rpm and mass ratio of
ball:powder 80:1) and then heated from 35 °C - 420 °C. According to calculation shown
above, the ideal NaOH:NaH molar ratio should be ca. 1:1.19 to achieve the optimal
hydrogen weight loss percentage in TG-DTA experiments when using this NaH (90%)
starting material (only). In Figures 3-10 and 3-11, the molar ratio used is 1:1.19, and the
hydrogen weight loss percentage is 3.08 wt.%, which is close to the ideal value of 3.12
wt.%. This further confirms that NaH contains approximately 10% NaOH. In Figure 3-10,
there are two peaks: one at 173 °C and another at 346 °C. There is also a hint of a shoulder
on the leading edge of the peak at ca. 290 °C. This same feature seems to appear in other
DTA traces. This also match up to the first peaks in the individual NaOH DTA trace. It
suggests that there is a small amount of NaOH remaining to transform before reacting with

remaining NaH.

Since the MS graph shows a hydrogen peak at 348 °C, which is very close to 346 °C, then
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the endothermic DTA peak at 346 °C can be assigned to the dehydrogenation process. The
peak at 173 °C will be analysed in next paragraph.
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Figure 3-10: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) on
heating from 35-420 °C at 5 °C min"! under flowing Ar(g).
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Figure 3-11: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for a ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) on heating from 35-420 °C at

5 °C min™! under flowing Ar gas.

Figure 3-12 and 3-13 presents the PXD patterns of the ball milled NaH-NaOH sample
before and after heating to 170 °C, 210 °C, and 240 °C respectively in the TG-DTA (each
followed by turning the TG-DTA furnace off and cooling to room temperature). The
as-milled NaH-NaOH sample shows clear peaks for both NaH and NaOH, indicating that

NaH and NaOH do not react during the ball milling process. The most noticeable change in
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the PXD pattern after heating to 170 °C occurs at approximately 32° 20, where Figure 3-13
shows that the NaH peak shifts to lower 26, and an additional peak appears at almost the
same position. Additionally, the NaOH peak at 15° 20 splits into two, and extra peaks
emerge around ca. 49° 20 and 56° 20. By comparing the relative intensities of the NaH
peak at ca. 37° 20 and the NaOH peak at 38° 20 before and after heating to 170 °C, it is
evident that the amount of NaH decreases. From 170°C-210°C, the NaOH peak at 31.2°
gradually diminishes, while the newly formed split peak of NaH at ca. 31.8° starts to
increase. Additionally, a small amount of Na-O at 32.2° and 210 °C begins to form. The
NaOH peak at 56° also starts to broaden. From 210 °C-240 °C, the NaH peak at 32°

significantly decreases, while the Na.O peaks become more pronounced.

Towards confirming the possible formation of an intermediate phase, several conclusions
can be drawn based on the above observations. First, at 170 °C, the NaH peak shifts at
lower 31.5°, and a new unidentified peak appears near the original NaH position. This shift
suggests a possible interaction between NaH and NaOH, potentially forming a solid
solution or inducing lattice distortion. Such structural changes could alter the interplanar
spacing, thereby explaining the observed shift in the peak position and the appearance of
the new feature. The leftward shift of the NaH peak from 31.6°-31.5° at 170 °C and 210 °C
likely results from lattice expansion, indicating the incorporation of OH™ into the NaH
lattice. Furthermore, from 210 °C to 240 °C, the NaH peak at 32° decreases in intensity
significantly compared to NaOH, accompanied by Na.O formation at 32.2°. This suggests
that NaH does not react with NaOH in a simple 1:1 ratio to form Na.O, more specifically
that process does not happen in one step. From the ball-milled NaH-NaOH sample up to
210 °C, the NaH-like peak continuously decreases and shifts. This indicates that the
substitution of H- with OH- gradually causes lattice distortion, leading to systematic peak
shifts. Additionally, the peak splitting at 15° 26 and broadening at 56° 26 for NaOH at
170°C and 210°C strongly suggest an interaction between NaH and NaOH during heating,
leading to the formation of a solid solution NaH1.x(OH)x. Moreover, this is quite similar to
the findings of Mao et al., where the NaH-like phase also continuously shifts and

decreases.’
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Figure 3-12: PXD patterns of ball-milled NaOH-NaH before (I) and after heating to 170 (II), 210 (III),
240 (IV) °C under flowing Ar(g) (and cooling), respectively. (1 represent Na;O; 2 represent NaOH; 3
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Figure 3-13: PXD patterns of ball-milled NaOH-NaH (I) and after heating to 170 (II), 210 (III), 240
(IV) °C at 20 30-33° under flowing Ar(g) (and cooling), respectively. (1 represent NaH; 2 represent
NaOH; 3 represent Na;O)
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3.3.3 Different factors that affect the dehydrogenation

3.3.3.1 Milling Time

Figures 3-14 and 3-15 show the thermal behaviour of ball-milled and “hand-mixed”
(ground with a pestle and mortar; 20 mins) NaOH-NaH. From the Figure 3-14(b), it can be
seen that the “hand-mixed” NaOH-NaH does not show an endothermic DTA peak at ca.
175 °C. Compared to the ball-milled NaOH-NaH sample, the “hand-mixed” NaOH-NaH
exhibits higher initial hydrogen release temperatures (191 °C vs. 208 °C) and peak
temperatures of the dehydrogenation reaction (345 °C vs. 350 °C) according to the MS
data. Therefore, ball milling the starting materials results in a better hydrogen release

performance compared to hand-mixing in the NaOH-NaH system.
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Figure 3-14:TG(red) and DTA(blue) profiles for (a) ball-milled (b) “hand mixed” NaOH-NaH on
heating from 35-420(500) °C at 5 °C min™! under flowing Ar(g).
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Figure 3-15: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
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The above experiments having established that milling is a beneficial process, the next
objective is to see how these milling conditions, such as milling time, molar ratio and

rotation speed, makes a difference to the progress of the reaction.

From Table 3-2 and Figure 3-16, the mass loss of hydrogen and the DTA peak 1 (173 °C)
of (intermediate) ternary (hydride-hydroxide) phase for different milling time samples are
close to each other. However, the peak temperature of the dehydrogenation reaction
significantly decreases by 10 °C to 348 °C when the NaH-NaOH sample is ball-milled for
4 hours. From the PXD patterns of the milled samples (Figure 3-17), it can be seen that
NaOH phase shows a distinct peak at in the NaH-NaOH sample after 1 hour of ball milling.
As the ball milling time increases, the relative intensity of the NaOH peak gradually
decreases. This is also reflected in Figure 3-16, where the DTA curve in figure 3-16(a) a
shows that between 359 °C and 400 °C, the slope is not a smooth line; there is a slight
change in slope around 380 °C. According to previous Figure 3-7, the peak temperature of
NaH is also close to 380 °C. This suggests that a small amount of NaH may be reacting
alone. Therefore, ball milling for just 1 hour is insufficient for a complete mixing of NaH

and NaOH; 2 hours of ball milling is needed at least.

Table 3-2: Reaction condition, peak temperature and weight loss of NaOH-NaH samples ball milled for

different durations.

Sample | Rotation Milling | molar ratio DTA Peak Total
numbers speed / time/h | NaOH:NaH temperature /°C | mass loss
rpm / wt.%
1 400 1 1:1.1 174.50 | 359.43 2.93
2 400 2 1:1.1 172.86 | 358.81 2.89
3 400 4 1:1.1 171.43 | 348.01 2.81
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heating to 400 °C under flowing Ar(g). (1 represent Na;O; 2 represent NaOH)

3.3.3.2 Molar Ratio

The main purpose of this section is to investigate the effect of the molar ratio of
NaOH:NaH on the thermal behaviours of the dehydrogenation of the NaOH—NaH system.
It also aims to examine whether adding more NaH can improve the reaction. From Table
3-3, it can be seen that samples with different molar ratios of NaOH:NaH (from 1:1.1 -
1:1.25) have essentially the first DTA peak has a maximum at approx the same temperature.
However, according to Figure 3-18, the DTA peak temperatures for dehydrogenation are
different. The sample with a NaOH:NaH molar ratio of 1:1.15 has the lowest peak
temperature. When the NaOH-NaH mole ratio reaches 1:1.2, a second DTA peak appears
in the dehydrogenation temperature region, which is close to 380 °C; similar to the
decomposition temperature of NaH according to the previous Figure 3-7. This indicates
that at this point, the molar amount of NaH is greater than that of NaOH. Because only
when NaH is in excess of NaOH can the remaining NaH potentially undergo a separate
reaction after fully reacting with NaOH. Between 1:1.1-1:1.15, and from 1:1.2 to 1:1.25,
the DTA peak associated with Na-H-OH dehydrogenation decreases in temperature as
molar ratio increase. However, from the molar ratio of 1:1.15 to 1:1.2, the peak
temperature for dehydrogenation increases. The only possible reason for this is that the
excess NaH affects the interaction between protic hydrogen (H®) and hydridic hydrogen
(H%). Since the decomposition reaction of NaH is endothermic and begins at 325 °C, as
shown in 3-7, between 325-360 °C, two reactions may occur simultaneously. Interference
may occur during the thermal decomposition of NaH and the dehydrogenation reaction of
NaHix(OH)x. Therefore, more energy is required to overcome the energy barrier. As a
result, the peak temperature of dehydrogenation will also increase accordingly. In addition,
the mass loss of hydrogen remains a critical indicator. When the molar ratio of NaOH:NaH
reaches 1:1.15 and 1:1.25, the mass loss (3.08 wt.%) is nearly the ideal value (3.12 wt.%).
However, in the case of 1:1.25 NaOH:NaH, part of the hydrogen mass loss originates from
the reaction of NaH alone. In conclusion, these data suggest that the most suitable mole

ratio for NaH (90%) in this experiment is ca. 1.15.

From PXD patterns in Figure 3-19, it can be seen that when the molar ratio of NaH:NaOH
reaches 1.25:1, a peak for Na at ca. 28° after dehydrogenation is observed. According to
the ICSD database, Na peak at 28° is the most obvious peak.” However, the only strange
point is that the NaOH peak at ca. 15°, 31° and 38° shown in the Figure 3-19 remains small

and present regardless of the molar ratio. A possible explanation is that despite the use of
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the air-sensitive sample holder, the sample has come into contact with a low concentration
of water (air), and Na:20, being unstable in air, reacts with moisture to generate a small
amount of NaOH. Although the phase of NaOH is shown in the PXD figure, its intensity is
much stronger than that of Na;O phase. Moreover, the additional NaOH enhances the
intensity of its phase, as illustrated in Figure 3-17. Therefore, this does not impact the final
conclusion.

Table 3-3: Reaction conditions, DTA peak temperatures and weight losses of the NaOH-NaH samples

with varying molar ratios, NaOH:NaH.

Samples Rotation Milling NaOH: NaH DTA peak Mass
number | speed/rpm | time/h molar ratio temperatures /°C loss /
wt.%
4 400 2 1: 1.1 172.86 358.81 2.89
5 400 2 1:1.15 173.01 345.66 3.08
6 400 2 1: 1.2 172.30 358.31 3.00
377.56
7 400 2 1: 1.25 172.06 354.51 3.08
376.71
= B
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Figure 3-18: TG(red) and DTA(blue) profiles for ball-milled NaOH-NaH (2h, 400rpm) with the

different molar ratio of NaOH:NaH (a) 1:

at 5 °C min-1 under flowing Ar(g).
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Figure 3-19: PXD patterns of ball-milled NaOH:NaH (2h, 400rpm) with varying molar ratio of

NaOH:NaH (1:1.1, I; 1:1.2, II;1:1.25 III) after heating to 400 °C under flowing Ar(g). (1 represent

NayO; 2 represent NaOH; 3 represent Na)

3.3.3.3 Rotation Speed

The main purpose of this chapter

is to investigate the effect of rotation speed on the

thermal behaviour of dehydrogenation of NaOH-NaH. From Figure 3-20 and Table 3-4, it

can be seen that for the NaH-NaOH

samples milled for 2 hours, samples milled at 300 rpm

or 400 rpm have similar DTA profiles and peak temperatures and similar mass profiles and
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total weight losses. A lower rotation speed may lead to the same effect as the samples

milled for 1 hour, as shown in Table 3-4, where cannot achieve complete mixing.
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Figure 3-20: TG(red) and DTA(blue) profiles for ball-milled 1:1.1 NaOH:NaH (2h) with the varing
rotation speed (a) 300 rpm (b) 400 rpm on heating from 35-400 °C at 5 °C min™! under flowing Ar(g).

Table 3-4: Reaction condition, peak temperature and weight loss of the NaOH-NaH sample with the

varying mole ratio of NaOH : NaH.

Samples Rotation Milling | NaOH: NaH DTA peak Mass
number speed /rpm | time/h molar ratio temperatures /°C loss /
wt.%

8 300 2 1: 1.1 173.99 356.96 2.90

9 400 2 1: 1.1 172.86 358.81 2.89

3.3.4 Activation Energy

Activation energy (E.) is the minimum amount of energy needed to overcome the energy
barrier and initiate a chemical reaction.'* In simple terms, activation energy is the energy

needed for reacting molecules to collide with sufficient force to undergo a chemical change.

The mathematical equation is shown below.
In(B/Tm2) = - Eo/RTm Eq.3

B is the heating rate. T is the peak temperature (K). Ea is the activation energy. R = 8.314
J-'K''mol'!. A straight line is obtained by plotting In(B/Tw?) on the y-axis against 1/Tm on
the x-axis. Then E, = -Rm. m is the slope of the straight line. Heating rates of 2, 5, 10 and

20 °C min"! were employed in the experiments described here.

According to Figures 3-21 and 3-22, as expected, we can observe that the DTA peak
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temperatures in the NaH-NaOH system vary at different heating rates. At a heating rate of
2 °C min’! in Figure 3-21(a), the peaks appear broad and weak in intensity. To determine a
precise and accurate peak temperature for dehydrogenation under such conditions, it is
necessary to analyse the MS data. However, the temperature of MS cannot be used directly.
Because the peak temperature of MS is higher than that of TG-DTA and has hysteresis. As
can be seen from Figure 3-22 of MS figure, its main peak is 322.84°C, which just
corresponds to 321.91°C in the TG-DTA figure. Based on this, the NaH-NaOH peak
temperatures (Tm) are determined to be 321.91 °C, 345.66 °C, 372.06 °C, and 413.59 °C.
According to the above formula 3, four points can be drawn on the graph and a trend line
can be drawn at the same time. The slope of the trend line multiplied by the constant R
value can be obtained as the activation energy. After calculation, the activation energy for
the dehydrogenation of NaH;«(OH)x is found to be 75.85 kJ mol™'. The article reports that
the activation energy for the thermal decomposition of NaH (95 at.%) is 115.5 kJ mol™!.1
The activation energy for the dehydrogenation of NaOH-NaH ball-milled at 200 rpm for 1
hour (with a 10-minute run and 5-minute pause; ball-to-powder ratio of 20:1) is 114.8 kJ
mol!. In comparison, under higher ball-milling conditions (400 rpm, 2 hours; 5-minute run
and S5-minute pause; ball-to-powder ratio of 80:1) and a more suitable molar ratio of
NaH:NaOH (1.15:1), the activation energy for the dehydrogenation of NaHx(OH)x is

significantly reduced because the improved ball-milling condition can make the

NaOH-NaH have fully reaction.
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Figure 3-21: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) on
heating from 35-400 °C at different heating rate (a) 2 °C min’'(b) 5 °C min’(c) 10 °C min™! (d) 20 °C
min! under flowing Ar(g).
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Figure 3-22: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a
function of temperature for a ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) on heating from 35-400 °C at

2 °C min™! under flowing Ar gas.
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3.3.5 Additives and Catalysts

3.3.5.1 Introduction

Adding catalysts and other additives can significantly enhance the hydrogen storage
performance of some complex hydrides. The purpose of this chapter is to understand the
roles of different catalysts based on previous studies. At the same time, experiments will be

conducted to explore the effects of different catalysts/additives in the Na-H-OH system.
3.3.5.2 Graphene

Graphene is a material composed of a single layer of carbon atoms arranged in a
two-dimensional honeycomb lattice, which gives it an extremely high specific surface area
(approximately 2630 m?> g') and exceptional physical and chemical properties.!” These
unique characteristics make graphene highly promising in a variety of fields, particularly in
hydrogen storage. One of the key challenges in hydrogen storage is the efficient adsorption
and release of hydrogen, and the high surface area of graphene provides abundant space for
hydrogen adsorption, significantly increasing its hydrogen storage capacity.!®!”
Additionally, the excellent electrical and thermal conductivity of graphene enables
effective thermal management during hydrogen storage, preventing difficulties in hydrogen

release caused by heat effects during the adsorption process. !

To further enhance graphene's hydrogen adsorption capacity, researchers have optimised
its structure through chemical modification or doping with other elements.?2!*2 For

example, doping with nitrogen and boron can adjust graphene's electronic structure,
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improve its hydrogen adsorption ability, and effectively lower the temperature at which
hydrogen is released, thus increasing the efficiency of the hydrogen storage process.???423
These modifications not only improve graphene's hydrogen storage capacity but also
enable it to release hydrogen at lower temperatures, enhancing the operability of the
storage process. According to Chen ef al’s article, it investigates the hydrogen storage
capabilities of twin T-graphene (TTG) doped with nitrogen and boron. The study reveals
that pristine TTG can store hydrogen with a capacity of 7.69 wt.%, while N-doped and
B-doped TTG achieve capacities of 9.88 wt.% and 10.06 wt.%, respectively. These values
exceed the U.S. Department of Energy's target of 6.5 wt.%. The desorption temperature is

predicted to be -32.15 °C, indicating that these materials can serve as reversible hydrogen

storage media.?’

In addition to its adsorption properties, graphene’s lightweight and high-strength
characteristics also provide unique advantages for hydrogen storage materials.?® Compared
to traditional hydrogen storage materials, graphene has a lower density and stronger
mechanical properties, making it highly promising for the development of efficient and
portable hydrogen storage devices.?” For example, Ti-doped porous graphene achieved a
hydrogen storage capacity of 6.5 wt.% at room temperature (27 °C), with a volumetric
capacity of 55 g Hy/L. Ca-doped graphene achieved a hydrogen storage capacity of 8.38
wt.% at room temperature (27 °C).?%2° Furthermore, graphene can be combined with other
materials, such as metal-organic frameworks or carbon nanotubes, to further enhance its
hydrogen storage capacity and release rate, enabling more efficient hydrogen storage under
high-pressure or low-temperature conditions.>%3!3233 For instance, according to Gangu et
al’s article, the hydrogen release temperature of LiBH4 combined with 3D fluorinated
graphene is reduced to 204 °C. At room temperature, the hydrogen storage capacity of
Graphene Oxide-Multiwalled Carbon Nanotubes composite (GO-MWCNTs) can reach 2.6
wt.%, while the thermally reduced rGO-MWCNTs have a storage capacity of 2.1 wt.%

under the same conditions.*

Overall, with its ultra-high specific surface area, excellent electrical conductivity, and
thermal conductivity, graphene shows immense potential in the field of hydrogen storage.
By continually optimizing its structure and surface properties, graphene is expected to
become an important hydrogen storage material in the future hydrogen energy industry,

driving the development and progress of hydrogen energy technologies.

This chapter primarily focus on reduced graphene oxide (rGO). There are differences in
structure and properties between graphene and rGO. rGO is a material obtained by
chemically reducing graphene oxide (GO), and its surface contains a small amount of
oxygen-containing functional groups. These functional groups enhance its chemical
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reactivity, enabling it to react with a variety of molecules. This makes rGO suitable for
applications that require high chemical reactivity, such as hydrogen storage. The
preparation process of rGO is relatively simple and cost-effective, making it suitable for
large-scale production.®>3¢ These active sites on rGO can interact more strongly with
hydrogen molecules, thereby improving the efficiency of hydrogen adsorption and
desorption. For example, in experiments, the hydrogen adsorption capacity of rGO can
reach 1.34 wt.%, a value higher than that of graphene, which is only 0.1 wt.%.” The
oxygen-containing functional groups on the surface of rGO can serve as active sites for
catalysts, promoting the adsorption and desorption of hydrogen. These functional groups
can adsorb hydrogen molecules through chemical bonding or van der Waals forces, thus
enhancing the efficiency of hydrogen adsorption. For instance, in electrochemical
hydrogen storage, rGO exhibits higher hydrogen adsorption capacity and better cycling
stability.®® In contrast, graphene lacks these active sites on its surface, and hydrogen
adsorption mainly relies on physical adsorption, which is relatively weak. Therefore, in

terms of catalytic performance, graphene is not as effective as rGO.

In addition to its catalytic role in hydrogen storage, rGO also plays a catalytic role in the
dehydrogenation of MgH».%® For example, Yao et al. prepared a composite of nickel
nanoparticles uniformly dispersed on reduced graphene oxide (Ni@rGO) via mechanical
ball milling and incorporated it into MgH>.** The results showed that the Ni@rGO
composite significantly reduced the initial hydrogen desorption temperature of MgH» from
251 °C to 190 °C. Moreover, the composite could absorb 5.0 wt.% of hydrogen within 20
minutes at 100 °C and desorb 6.1 wt.% of hydrogen within 15 minutes at 300 °C. It was
also found that when the nickel loading was 45 wt.%, rGO could prevent the reaction
between nickel and magnesium, thereby maintaining better catalytic performance. The
synergistic effect of in situ formed Mg>Ni/Mg>NiHs and rGO achieved efficient hydrogen
storage catalysis, with activation energies for hydrogenation and dehydrogenation of 47.6 +
3.4 kJ mol! and 117.8 £+ 3.4 kJ mol’!, respectively, lower than those reported for other
MgH. systems.*’

Similarly, Ji et al. synthesized a composite of iron-nickel alloy supported on reduced
graphene oxide (FeNi/rGO) via hydrothermal and carbonization methods and introduced it
into MgH» powder.*! The results showed that 5 wt.% FeNi/rGO-modified MgH, began to
release hydrogen at 230 °C and released 6.5 wt.% of hydrogen within 10 minutes at 300 °C,
significantly better than pure MgH> (355-410 °C). At 125 °C, the composite absorbed 5.4
wt.% of hydrogen within 20 minutes, while pure MgH> required a higher temperature to
begin hydrogen absorption. After 50 cycles, the hydrogen storage capacity of MgH, + 5

wt.% FeNi/rGO remained at 6.9 wt.% without a decline in kinetic performance. FeNi/rGO
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significantly reduced the reaction energy barrier of MgH», with activation energies for
dehydrogenation and hydrogenation of 93.6 = 7.3 kJ mol! and 42.3 + 3.3 kJ mol",
respectively, much lower than those of pure MgH>. The synergistic effect of FeNi
nanoparticles and rGO achieved efficient hydrogen storage catalysis and significantly
improved cycling stability. Therefore, rGO has a catalytic effect in MgH>, and its function
may also influence the dehydrogenation of NaH-NaOH, potentially promoting the

dehydrogenation process.

The PXD figure of the synthesized rGO is shown in Figure 3-24. In Figure 3-24, we
observe that rGO exhibits only a board peak because its structure is amorphous. When
compared with literature data, the 20 angle of this peak is found to be similar.*? Figure 3-25
illustrates the DTA behaviour at different weight percentages of rGO as an additive. The
ball-milling conditions were 2h, 400rpm, ball:powder 80:1, and molar ratio of 1:1.15
NaOH:NaH. When the weight percentage of rGO increases from 0-2 wt.%, the peak
temperature for dehydrogenation does not decrease. However, when the weight percentage
increases from 2 -10 wt.%, the peak temperature for dehydrogenation begins to decrease
significantly. From 10 -20%, the peak temperature for dehydrogenation remains almost
unchanged. It does seem to suggest that no further advantage is reached beyond 10 wt.%.

However, the effective gravimetric capacity decreases as more rGO is added.

After calculation, the activation energy of the sample with 10 wt.% rGO is approximately
73.06 kJ/mol, while the activation energy of the sample without a catalyst is approximately
75.85 kJ/mol. Hence, although the addition of 10% rGO significantly reduces the peak
temperature for dehydrogenation, its effect on the activation energy is relatively minor.

Figure 3-5: Reaction conditions and DTA peak temperatures of the NaOH-NaH samples with varying
wt.% rGO.

Sample NaOH: NaH | wt.% Milling condition Peak temperature/°C
Number molar ratio rGO

5 1:1.15 0 400rpm, 2h 345.66

11 1:1.15 2 400rpm, 2h 348.22

12 1:1.15 5 400rpm, 2h 342.71

13 1:1.15 10 400rpm, 2h 331.92

14 1:1.15 20 400rpm, 2h 331.45
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Figure 3-24: PXD pattern of as-synthesis rGO
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Figure 3-25: DTA profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with varying amounts of
rGO additives (0 wt.%, purple; 2 wt.% black; 5 wt.%, red; 10 wt.%, blue; 20 wt.%, green) on heating

from 35-450 °C at 5 °C min"! under flowing Ar(g).
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Figure 3-26: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 10
wt.% rGO on heating from 35-400 °C at heating rate 2, 5, 10, 20 °C min"! under flowing Ar(g). Ea =
73.06 =+ 3.32 kJ mol.

3.3.5.3 Magnesium Silicide

Mg.Si (magnesium silicide) is an intermetallic compound composed of magnesium and
silicon, with a range of exceptional physical and chemical properties, making it highly
promising for applications in materials science, energy storage, and electronic devices.*
As a material with high hardness and melting point, Mg.Si demonstrates excellent
electrical and thermal conductivity, while its relatively low density has attracted significant
attention for use in aerospace, automotive industries, and lightweight materials research.
In particular, Mg.Si is favored in thermoelectric materials due to its high thermoelectric
performance, enabling efficient conversion of thermal energy into electrical energy, which
makes it suitable for thermoelectric power generation devices.*> By adjusting the structure
of Mg>Si or doping it with other elements such as Sn to form Mg2SiixSnx, researchers
have found that its thermoelectric effect can be significantly enhanced, improving
thermoelectric conversion efficiency.*® Additionally, magnesium silicide exhibits good
corrosion resistance, maintaining stable performance even in harsh environments, making
it durable and reliable for industrial applications. In terms of energy storage, the potential
of Mg.Si as a negative electrode material for lithium-ion batteries is also being recognized,
as its large specific capacity and high electrical conductivity help improve battery capacity
and cycling stability.*’ Overall, Mg.Si, as a versatile material with unique physical and
chemical properties, demonstrates enormous potential in various fields such as
thermoelectrics, lightweight structural materials, and energy storage, offering significant
research and industrial value, especially in enhancing energy conversion efficiency and

storage performance.
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In the field of hydrogen storage, Mg.Si has shown considerable potential, mainly due to its
excellent chemical stability, high thermal conductivity, and low density. In hydrogen
storage technology, the efficient adsorption and release of hydrogen are key challenges,
and Mg-Si, as a promising hydrogen storage material, has become a focus of research. The
chemical structure of Mg.Si provides good thermal management during hydrogen
adsorption and release, which is critical for improving hydrogen storage efficiency.*®
Specifically, Mg.Si can chemically react with hydrogen to form hydrides, releasing
hydrogen at appropriate temperatures, and this adsorption-release process is essential for
the storage and recycling of hydrogen energy.* Furthermore, Mg.Si’s low density and
relatively high hydrogen absorption capacity make it a promising candidate for hydrogen
storage. By optimizing the microstructure of Mg.Si and doping it with other elements,
researchers can further enhance its hydrogen absorption capacity and release rate,
improving the overall performance of hydrogen storage materials.®® The corrosion
resistance of Mg.Si is another significant advantage in hydrogen storage applications, as it
can maintain stable performance over multiple adsorption and release cycles, which is
crucial for long-term use in hydrogen storage devices.’! Overall, Mg.Si, with its unique

physical and chemical properties, shows great potential in the hydrogen storage field.

According to Fan ef al's article, Mg:Si could be successfully synthesised by MW.!10:52
During the synthesis of Mg>Si under microwave irradiation, a plasma was almost
immediately formed (within about 2 seconds), initially appearing light purple in colour and
then turning green. After the reaction was completed, a fine black powder was obtained.
The reason for using MW  (microwave irradiation) is that the microwave-induced metal
plasma (MIMP) method can complete the reaction in an extremely short time (only 60
seconds), which is much faster than the traditional high-temperature solid-state reaction
method (usually requiring more than 10 hours). This rapid reaction kinetics is attributed to
the formation of plasma in the microwave field, where the charged particles in the plasma
experience enhanced motion under the influence of the 2.45 GHz electromagnetic field,
thereby greatly accelerating the reaction rate. From Figure 3-27, it can also be observed
that the peak positions of the experimental Mg.Si are very similar to those of the standard
Mg-Si. Figure 3-27 suggest that the Mg>Si synthesized by this method is relatively pure
and no impurity peak is shown. Moreover, the products synthesized by this method still

remain small powder at the end.
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Figure 3-27: PXD patterns of standard (I) and as-synthesised Mg,Si (II).

Figure 3-28 illustrates the thermal behaviour of Mg>Si when Mg»Si is heated to 600 with
10 °C min™'. The figure demonstrates that Mg>Si exhibits no mass change and undergoes
no reactions below 600 °C. Therefore, the reaction of MgxSi does not influence the

dehydrogenation of the NaOH-NaH system.
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Figure 3-28: TG(red) and DTA(blue) profiles for as-synthesised Mg:Si on heating from 35-600 °C at
10 °C min™! under flowing Ar(g).

Figures 3-29 to 3-32 illustrate the thermal performance of 1:1.15 NaOH:NaH with the
addition of 5 wt.% and 10 wt.% Mg»Si, respectively. From Figures 3-29 and 3-31, it can be
observed that NaOH-NaH with 5 wt.% Mg-Si exhibits two peaks between 320 °C -380 °C,
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specifically at 322.46 °C and 364.83 °C. However, when the Mg:Si content is increased to
10 wt.%, three peaks appear between 320 °C - 380 °C. The first peak at 323.60 °C and the
third peak at 361.50 °C are very close to the two peaks observed with 5 wt.% MgSi,
suggesting that the additional peak between 320 °C - 380 °C is likely due to a reaction
between Mg>Si and NaOH-NaH.

From the MS data in Figures 3-30 and 3-32, it can be seen that the main hydrogen release
peak of 5 wt.% MgsSi (322.17 °C) and 10 wt.% Mg>Si (322.78 °C) corresponds to the
DTA peak at approximately 322 °C, which is significantly lower than the 346 °C for
sample 5 in Figure 3-9. Although it can significantly reduce the peak temperature of
dehydrogenation reaction (from 346 °C to 322 °C), the occurrence of reactions involving
Mg>Si is potentially a major drawback of this additive, as it introduces uncertainties in the
overall reaction mechanism. In addition, the peak temperature of 10 wt.% Mg>Si can be
seen from the three peak temperatures, indicating that there may be more than one reaction,

which may occur together. Moreover, the mass loss of hydrogen is significantly reduced.

Table 3-6: DTA peak temperatures and weight losses of the NaOH-NaH samples with varying wt.%

Mg:Si.
Sample Number Wt.% Mg>Si Peak temperature/°C Mass loss /
wt.%
15 5 173.30 322.42 364.83 2.83
16 10 172.06 323.60 346.25 2.60
361.50

5 0 173.01 345.66 3.08
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Figure 3-29: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 5
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wt.% Mg:Si on heating from 35-450 °C at 5 °C min! under flowing Ar(g).
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Figure 3-30: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a
function of temperature for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 5 wt.% Mg:Si on heating
from 35-450 °C at 5 °C min™! under flowing Ar(g).
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Figure 3-31: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 10
wt.% Mg:Si on heating from 35-450 °C at 5 °C min™! under flowing Ar(g).
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Figure 3-32: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a
function of temperature for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 10 wt.% Mg:Si on
heating from 35-450 °C at 5 °C min™' under flowing Ar(g).

To investigate the reactions occurring between Mg>Si and components of the NaOH-NaH
system, Figures 3-33 and 3-34 present PXD patterns of the reaction products of the
NaOH-NaH-10 wt.% Mg>Si sample heated to 330 °C and 450 °C, respectively. The 10
wt.% Mg-Si sample is selected for discussion here because the peaks in the 5 wt.% Mg>Si
sample were too small to be clearly identified, whereas the 10 wt.% sample exhibited more
distinguishable peaks. As shown in Figure 3-33, a significant amount of Na,O was already
present at 330 °C, indicating that the peak temperature of 323 °C observed in the DTA
corresponds to the dehydrogenation reaction of NaOH-NaH. Compared to the peak
temperature of 346 °C in the sample without Mg>Si, This peak decreased by ca. 24 °C to
322 °C. Additionally, the NaOH-NaH-10 wt.% Mg>Si sample at 330 °C contains NaH,
NaOH, and Mg>Si. The presence of NaOH may result from the reaction of Na>O with trace

amounts of air and reaction of NaH.

At 450 °C, metallic Na appears in the sample, which very likely originates from the
decomposition of NaH. However, in the NaOH-NaH system with a molar ratio of 1:1.15
without Mg>Si (sample 5), neither metallic Na nor additional peaks were observed in
previous Figure 3-19. This further confirms that NaH has undergone a decomposition
reaction to become Na, and its peak temperature is 362 °C. It is also close to the 380 °C of
NaH decomposition reaction shown in Figure 3-7. Therefore, the amount of NaOH is

expected to be less than before without Mg>Si.

This suggests that some NaOH may have reacted with Mg.Si and was consumed in the

process. Furthermore, the relatively intensity of the Mg>Si peak at 330 °C is stronger than
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at 450 °C, supporting the conclusion that the first peak between 320 - 380 °C at 323.60 °C
corresponds to the dehydrogenation of NaOH-NaH, while the third peak at 361.50 °C
represents the decomposition of NaH into Na and Hz. The second peak at 346.25 °C is
likely associated with the reaction between NaOH and Mg.Si. However, due to the broad
and weak nature of the corresponding peaks, the exact reaction products cannot be

definitively identified.
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Figure 3-33: PXD patterns for ball-milled 1:1.15 NaOH:NaH with 10 wt.% Mg,Si after heating to
330 °C under flowing Ar(g). (and cooling to room temperature). (1 represent Na;O; 2 represent NaH; 3
represent Mg:Si; 4 represent NaOH) Appendix A3-2 show the PXD patterns for the sample compared
to stardard patterns from ICSD.
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Figure 3-34: PXD patterns for ball-milled 1:1.15 NaOH:NaH with 10 wt.% Mg.Si after heating to
450 °C under flowing Ar(g). (and cooling to room temperature). (1 represent Na;O; 2 represent Mg:Si;
3 represent Na; 4 represent NaOH) Appendix A3-3 show the PXD patterns for the sample compared to
stardard patterns from ICSD.

The activation energies for dehydrogenation for samples with different additives are
presented in Table 3-7. The activation energy does not change appreciably when adding
rGO. On the other hand, if 10 wt.% or 5 wt.% Mg>Si are added, the activation energy can
be significantly reduced, with E. decreasing further when 10 wt.% MgSi is added.
However, the Mg>Si may not be the most suitable catalyst in the NaH-NaOH system given
that the Mg>Si have reaction during heating, and these reaction will decrease the hydrogen
mass loss. According to the article by Cermak et al., Mg>Si can also reduce the activation
energy in the MgH- system, lowering the dehydrogenation temperature of MgH- by about
5 °C.3? However, this effect is limited compared to other catalysts. Additionally, since
Mg>Si occupies 10 wt.% in the MgH> system, the overall gravimetric capacity is reduced,
although no reaction occurs. Therefore, Mg>Si can lower the activation energy without

undergoing a reaction.
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Figure 3-35: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with §
wt.% MgSi on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™' under flowing Ar(g). Ea
= 60.08 + 6.95 kJ mol!. Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min™! was shown on the Appendix 3-4.
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Figure 3-36: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 10
wt.% Mg:Si on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™! under flowing Ar(g). Ea
= 48.52 + 7.60 kJ mol' . Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min™! was shown on the Appendix 3-5.

Table 3-7: Activation energy of NaOH-NaH system with and without additives of rGO and Mg:Si.

Chemicals Activation energy / kJ mol!
NaOH-+NaH 75.85+3.41
NaOH+NaH+10 wt.%rGO 73.06£3.32
NaOH+NaH+5 wt.% MgSi 60.08 + 6.95
NaOH+NaH+10 wt.% Mg»Si 48.5247.60
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3.3.5.4 Other Additives in the NaOH-NaH system: Ti, TiF3;, MoS;, Ni and
SiC.

Titanium (T1), titanium trifluoride (TiF3), molybdenum disulfide (MoS), nickel (Ni), and
silicon carbide (SiC) each play distinct roles in hydrogen storage, significantly enhancing
storage efficiency, catalytic performance, and system stability. Titanium, while having a
low hydrogen adsorption capacity itself, is commonly used as an alloying element with
other metals such as magnesium and aluminium to form metal hydrides, which play a key
role in hydrogen storage.’* Titanium-based alloys (e.g., Ti-Mg) can store large amounts of
hydrogen at low temperatures and pressures, and titanium’s high strength and excellent
corrosion resistance further enhance the stability of these alloys.> Additionally, titanium
acts as a catalyst to promote hydrogen adsorption and desorption reaction by lowering the
energy barrier for hydrogen adsorption, thereby improving storage efficiency.’® For
example, according to Wang et al.’s article, titanium has a significant catalytic effect on
MgH>, reducing its initial dehydrogenation temperature from 308 °C to 257 °C and its
activation energy from 161.3 kJ mol! to 104.2 kJ mol'.57 The reason is that Ti reacts with
MgH: during ball milling to form TiHi971, which acts as an active species and plays a

catalytic role in the dehydrogenation process.

Titanium trifluoride (TiF3), has a unique electronic structure, that makes it a potent catalyst
for enhancing hydrogen storage. The unique electronic structure of TiF; arises from the
Ti** (3d") configuration stabilized by highly electronegative F- ligands, which generates
partially filled d-states capable of mediating electron transfer with hydrogen species.’® This
feature enhances the dissociation and recombination of H-H bonds, thereby making TiF; a
highly effective catalyst for dehydrogenation and hydrogenation reactions. For example,
according to Kang et al.’s article, TiCls and TiF; absorbed very little hydrogen (0.1-0.2
wt.%) even after long exposure at a hydrogen pressure of up to 120 bar and a temperature
of 200 °C, and their vibrational spectra and electronic structure remained almost
unchanged after hydrogen exposure, indicating that they do not chemically react with
hydrogen under these conditions.> Moreover, Ho/D; isotope exchange experiments showed
that TiF3 has very limited ability to promote hydrogen dissociation, even after ball milling.
This article provides possible insight into the role of Ti-containing additives in promoting
hydrogen-coupled electron transfer when placed at the interface with another active
material that can act as an electron source. The structure of the TiFs octahedron in TiF3
may facilitate hydrogen dissociation via a hydrogen-coupled electron transfer (HCET)
mechanism. Wang et al.’s article exihibit that TiF3; has a significant catalytic effect on

MgH>, reducing its initial dehydrogenation temperature from 308 °C to 173 °C and its
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activation energy from 161.3 kJ mol! to 75 kJ mol'.5” The reason is that during ball
milling, TiF3 reacts with MgH> to form TiHi.¢71 and TiH>, which act as active species and
play a catalytic role in the dehydrogenation process. The F~ ions in TiF3 have high catalytic
activity, which significantly reduces the dehydrogenation temperature and activation

energy of MgHo.

Molybdenum disulfide (Mo0S>), a layered transition metal sulfide with a hexagonal crystal
structure (space group P63/mmc), is widely used for hydrogen storage owing to its
excellent catalytic properties. Its edge sites are considered active sites, particularly the
sulfur (S) edge sites, which exhibit higher activity than the molybdenum (Mo) edge sites.
These edge sites can adsorb and dissociate hydrogen atoms, thereby facilitating the
production of hydrogen gas.®® In some hydride materials, MoS; also acts as a catalyst when
combined with other metal hydrides, helping to increase the hydrogen absorption rate and
facilitate its desorption. For instance, according to Wang et al.'s article, the study found that
the MgH>-5 wt.% MoS> composite material, after 5 hours of ball milling, began releasing
hydrogen at 259 °C and could desorb 4.0 wt.% of hydrogen within 20 minutes at 280 °C.°!
After PXD, XPS, and TEM characterization, it was determined that the reason for this
phenomenon is the coexistence of Mo and MoS: in the MgH»>-5 wt.% MoS: sample after
ball milling. After dehydrogenation and re-hydrogenation, only Mo remains in the sample,
which significantly weakens the Mg-H bond and promotes the dissociation of MgH> on the

Mo surface.

Nickel (Ni), a common transition metal catalyst, is widely used in hydrogen adsorption and
desorption reactions. In hydrogen storage, nickel is typically added to other metals (such as
magnesium and sodium) to form alloys, which can lower the energy barrier for hydrogen
adsorption, speeding up the adsorption/desorption rate. Nickel not only improves the
kinetics of hydrogen storage materials but also enhances the thermal stability of the alloys,
ensuring high efficiency in long-term use. For example, according to Liang ef al.’s article,
Ni-Mg absorbed 7.5 wt.% of hydrogen within 10 minutes under a hydrogen pressure of 2.0
MPa and at 200 °C, and desorbed 6.9 wt.% of hydrogen within 40 minutes at 220 °C.%2 The
hydrogen adsorption and desorption activation energies for Ni-Mg were 59 kJ mol! H, and
68.5 kJ mol! Ha, respectively, both lower than those of pure Mg (87 kJ mol! H. for
adsorption and 108.3 kJ mol! H: for desorption). The Ni-Mg system maintained stable
capacity after multiple absorption/desorption cycles at 200 °C/220 °C, demonstrating good
reversible cycling performance. According to Xie et al.’s article, the dehydrogenation
activation energy of MgH- doped with 10 wt.% Ni was significantly reduced from 191 kJ
mol™! for undoped MgH> to 118 kJ mol™! after ball milling for 2 hours at 300 rpm.%* This

reduction is attributed to the uniform dispersion of Ni nanoparticles on the surface of
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MgH>, which created more active sites favourable for hydrogen atom combination and

desorption.

Silicon carbide (SiC), a material known for its high temperature tolerance and chemical
stability, plays a crucial structural role in hydrogen storage systems, even though it does
not directly participate in hydrogen adsorption and desorption.®* Therefore, unlike other
catalysts that promote dehydrogenation reactions through chemical catalytic effects, SiC
reduces the activation energy mainly through physical effects. According to the Arrhenius
equation (equation 4), k is the rate constant that reflects the reaction rate at a given
temperature; A is the pre-exponential factor (or frequency factor), representing the effective
collision frequency of reactant molecules; E, is the activation energy; R is the gas constant
(8.314 J-mol"-K™"); and T is the absolute temperature (K).%> During ball milling, SiC acts
as a “milling aid” to reduce the powder particle size, which increases the contact area of
the reactants and shortens the hydrogen diffusion pathways, thereby facilitating the
reaction. From the perspective of the Arrhenius relationship, this process effectively
increases the pre-exponential factor (A) and enhances the probability of successful
molecular interactions, which in turn manifests as an apparent reduction in the activation

energy.
k = Aexp(-Eo/RT) Eq. 4

According to the Ranjbar et al’s article, with the increase in SiC content, the particle size
of MgH, decreases after ball milling for 24 hours.®® The particle size of the 5 wt.% SiC
sample was 17.6 nm, while that of the 20 wt.% SiC sample was 9.2 nm. This indicates that
SiC helps to reduce the grain size of MgH,. Moreover, the desorption temperature of the 20
wt.% SiC sample was approximately 20 °C lower than that of the undoped sample. The 5
wt.% SiC sample exhibited the best hydrogen absorption/desorption performance, with an
absorption rate of 0.15 wt.%/s.

Overall, Ti, TiF3, MoS;, Ni, and SiC each play important roles in MgH> hydrogen storage
system. Titanium and its alloys efficiently store hydrogen, TiFz and MoS; enhance
hydrogen adsorption and desorption through catalytic actions, nickel improves the kinetics
of hydrogen storage materials, and SiC provides structural support and enhances thermal
stability. Therefore, the purpose of this chapter is to apply these catalysts in Na-H-OH
systems. By optimally combining these materials, the overall performance of hydrogen

storage systems can be significantly improved.

All the NaOH-NaH with these catalyst/additives were under the same milling condition (2h,
400rpm; 1:1.15 NaOH:NaH). The amount of these catalysts/additives is 5 wt.% in the
NaOH-NaH system. From Figures 3-37 and 3-38, it can be observed that the sample with 5
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wt.% SiC has the lowest peak temperature (320 °C) for the dehydrogenation reaction at a
heating rate of 5 °C min!. For the remaining samples, the addition of 5 wt.% additives
resulted in lower peak temperatures compared to the product without additives (345.66 °C).
In terms of hydrogen mass loss, the sample with the additive rGO exhibited significantly
lower mass loss than the other additives. The remaining samples were close to the
theoretical mass loss (2.96 wt.%). From the table 3-8, after calcualtion by using Kissinger
plots(Figure 3-39 to 3-43), it indicated that 5 wt. % Ni and SiC significantly reduce the
activation energy of the NaOH-NaH dehydrogenation reaction compared to other catalysts.
The activation energy is 41.24 and 46.79 kJ mol™! respectively. Based on the previous
information, 5 wt.% SiC can reduce the particle size of the powder. Therefore, in the
Na-H-OH system, a smaller particle size of the powder can significantly lower its
activation energy. Compared to 5 wt.% SiC, 5 wt.% Ni has an even lower activation energy.
According to the previous information, Ni nanoparticles may be uniformly dispersed on the
surface of NaOH-NaH, forming active sites that are more favourable for the desorption of

hydrogen atoms.
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Figure 3-37: DTA profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with various
catalyst/additives on heating from 35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 3-38: TG profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with various catalyst/additives
on heating from 35-400 °C at 5 °C min™! under flowing Ar(g).

Table 3-8: Activation energy of NaOH-NaH system with various additives.

Sample Activation energy/ Peak temperature of dehydrogenation
kJ mol! reaction with 5 °C min"!/°C
NaH-NaOH 75.85+3.41 345.66
+5 wt.%MoS> 56.33+£4.72 330.90
+5 wt.%SiC 46.79 + 1.77 320.06
+5wt. %Ni 41.24 £ 2.64 326.41
+10 wt.%rGO 73.06 + 3.32 330.85
+5 wt.%Ti 55.99 +£2.82 327.31
+5 wt.%TiF3 58.62+4.15 335.36
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Figure 3-39: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 5
wt.% Ni on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™! under flowing Ar(g). Ea
=41.24 + 2.64 kJ mol’\. Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min"! was shown on the Appendix 3-6.
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Figure 3-40: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 5
wt.% Ti on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™! under flowing Ar(g). Ea =
55.99 + 2.82 kJ mol . Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min™! was shown on the Appendix 3-7.
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Figure 3-41: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 5
wt.% TiF; on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min"! under flowing Ar(g). Ea =
58.62 + 4.15 kJ mol'.Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min"! was shown on the Appendix 3-8.
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Figure3-42: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 5
wt.% MoS: on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™ under flowing Ar(g). Ea
= 56.33 + 4.72 kJ mol!. Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min"! was shown on the Appendix 3-9.
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Figure 3-43: Kissinger plots for dehydrogenation of ball-milled 1:1.15 NaH:NaOH (2h, 400r) with 5
wt.% SiC on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™! under flowing Ar(g). Ea =
46.79 + 1.77 kJ mol'l. Peak temperature of dehydrogenation of sample on heating from 35-400 °C at
heating rate 2, 10 and 20 °C min"' was shown on the Appendix 3-10.

3.4 Conclusion

The NaOH-NaH system demonstrates significantly enhanced dehydrogenation kinetics
following ball milling. The reaction proceeds via a two-step mechanism. The first step,
occurring around 175 °C, involves the gradual substitution of hydride (H") with hydroxide
(OH"), which induces lattice distortion, as evidenced by systematic peak shifts. The
observed peak splitting at 15° 20 and peak broadening at 56° 26 in NaOH at 170 °C and
210 °C, respectively, indicate a pronounced interaction between NaH and NaOH upon

heating, leading to the formation of a solid solution, NaHx(OH)x.

The second step, taking place between 320°C and 350°C, corresponds to the
decomposition of this intermediate phase, resulting in the formation of Na;O and the
release of hydrogen gas. Optimal ball milling conditions (400 rpm, 2 hours) ensure
homogeneous mixing and sufficient mechanochemical activation of NaH and NaOH.
Under these conditions, the optimal molar ratio of NaH to NaOH lies between 1.15:1 and
1.2:1, with the 1.15:1 ratio yielding the lowest dehydrogenation peak temperature and the
highest mass loss. When the molar ratio exceeds 1:1.2, excess NaH undergoes independent
side reactions, diminishing overall efficiency. Regarding catalyst selection, both nickel (Ni)
and silicon carbide (SiC) significantly reduce the activation energy of the NaOH-NaH
system. SiC mainly functions as a physical milling aid. By reducing particle size,
increasing the contact area of reactants, SiC facilitates hydrogen release. This physical
effect is manifested in the Arrhenius relationship as an enhancement of the pre-exponential
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factor and an apparent reduction in the activation energy. Ni nanoparticles may become
uniformly dispersed over the NaOH-NaH surface, creating active sites that promote
hydrogen atom desorption. Although Mg,Si also effectively lowers activation energy, it
reacts with NaOH as show in Figure 3-29 and 3-31(more peaks between 300°C-400°C),

making it unsuitable as a recommended catalyst.
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4. Dehydrogenation in the NaAlH4-NaOH System

4.1 Introduction

4.1.1 Sodium alanate, NaAlH4

NaAlHj is an efficient solid-state hydrogen storage material that belongs to the family of
aluminium hydrides. NaAlHs has attracted significant attention in hydrogen energy
technology, particularly in the field of hydrogen storage, because it can store hydrogen at
relatively low pressures and has a high gravimetric capacity. Theoretically, its hydrogen
storage capacity can reach up to 7.5 wt.% by weight, making it a promising candidate for
solid-state hydrogen storage.! Given that Al is a relatively light element, the high hydrogen
content is due to the hydrogen being chemically bound as AlHs (aluminium hydride)
within the crystal lattice of NaAlH4, allowing for efficient storage of hydrogen in a stable

solid form.?

However, the hydrogen release and absorption processes in NaAlH4 require relatively high
temperatures and/or pressures. When heated, NaAlHs undergoes a three-step
decomposition process, as shown in reaction 1, 2 and 3. In the first step, hydrogen is
released from NaAlH4 at temperatures between 180-190 to form NasAlHe and hydrogen
gas. In the second step, hydrogen is released from NazAlHs at temperatures over 260 °C,>*
giving NaH, Al, and additional hydrogen gas.’> This decomposition process is reversible. In
the third step, NaH decomposes to Na and hydrogen. The temperature for dehydrogenation
complete dehydrogenation (and 2NaH to 2Na + H>) is high (over 425 °C).® The mechanism

of NaAlH4 dehydrogenation reaction is shown below.
3NaAlHs = NaszAlHs + 2Al + 3Ha (1)
T=180-190 °C (3.7 wt.%)

Na3AlHg + 2A1 = 3Al + 3NaH + 1.5H» (2)
T>260°C (1.9 wt.%)

3NaH + 3Al = 3Al + 3Na + 3/2H> 3)
T>425°C (1.9 wt.%)

Total mass loss: 7.5 wt.%

To address the challenges of high release temperature of dehydrogenation and reversibility,
various improvement strategies researchers have been explored. One common approach is
to enhance the hydrogenation and dehydrogenation rates of NaAlH4 by adding catalysts or
modifying the material. Metals or metal compounds such as Ti and TiCl; have been shown
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to act as catalysts, improving the hydrogen release and absorption processes of NaAlH4.”
For instance, as reported by Frankcombe et al., the theoretical reversible hydrogen storage
capacity of undoped NaAlH4 is 5.6 wt.% in Table 4-1. However, in practical applications,
its hydrogen release temperature is relatively high (above 207 °C), and its cycling stability
is poor, with a significant decrease in hydrogen storage capacity after multiple cycles.® In
contrast, when NaAlH4 is doped with Ti, its actual hydrogen storage capacity can reach
5.5-5.7 wt.%, approaching the theoretical value. The hydrogen release temperature is
significantly reduced, with the first desorption temperature decreasing from 207 °C to
77 °C, and the second desorption temperature decreasing from 252 °C to 97 °C. Moreover,
after 100 cycles, the hydrogen storage capacity of Ti-doped NaAlH4 only decreases by ca.
10%, demonstrating excellent cycling stability. The activation energy is also reduced from
over 100 kJ mol"! to around 60 kJ mol!. The optimal Ti doping level is found to be 2-4
wt.%. These improvements indicate that Ti doping not only lowers the hydrogen release
temperature but also enhances the hydrogen storage capacity and cycling stability while

reducing the reaction activation energy.

Table 4-1: Comparison of Sodium Alanate (NaAlH4) Storage Performance with and without Ti Doping

Parameter Undoped NaAlH4 Ti-Doped NaAlH4
Reversible Hydrogen Storage 5.6 (Theoretical) 5.5-5.7 wt%
Capacity/ wt.% (Experimental)
First Dehydrogenation 207 77

Temperature/ °C

Second Dehydrogenation 252 97
Temperature/°C
Activation Energy/ kJ mol-! >100 60

Additionally, mixing NaAlHs with other hydrides (such as LiAlH4, MgH>, etc.) or high
surface area materials (such as carbon-based materials) is another approach to improving
its performance.” According to Kwak et al., mechanical ball milling was conducted in a
hydrogen atmosphere to prepare MgH>—NaAlH4 composite materials with varying ratios.'°
Among these, the MgH>—0.3NaAlH4 composite exhibited a maximum hydrogen desorption
temperature of 319 °C, which is lower than that of pure MgH> (365 °C). Additionally, this
composite demonstrated the highest hydrogen absorption rate (2.20 wt.% H, min') and the
largest effective hydrogen storage capacity (7.42 wt.% H>) at 320 °C.

As reported by Ismail et al., the hydrogen storage performance and reaction mechanism of

MgH>-NaAlHs composite materials (with a molar ratio of 4:1) were investigated.!! At

129



320 °C, the composite released 3.5 wt.% hydrogen within 12 minutes, significantly higher
than the 0.4 wt.% released by pure MgH». The dehydrogenation process of the composite
involves four stages: initially, NaAlH4 reacts with MgH: to form NaMgH; and Al;
subsequently, MgH, reacts with Al to form Mgi7Ali,, while MgH, also undergoes
self-decomposition; then, NaMgH3 decomposes into NaH and Mg; finally, NaH
decomposes into Na and H,. PXD analysis revealed the formation of phases such as
NaMgH3, Al, and Mgi7Al12 during these reaction stages. The formation of these phases
contributes to the enhanced dehydrogenation performance of MgH,. These composite
materials can lower the temperature required for hydrogen release and improve reaction

kinetics.
4.1.2 Aims and objectives of this work

Based on previous chapter with the NaH-NaOH system, the interaction between protonic
hydrogen (H%) and hydridic hydrogen (H®) can significantly enhance the dehydrogenation
reaction kinetics.!? This includes reducing reaction barriers, lowering activation energy,
enabling earlier hydrogen release at lower temperatures, and accelerating the release rate.
Therefore, the addition of NaOH to NaAlH4 may potentially lower the dehydrogenation
temperature of the reaction (1) and (2). Furthermore, if NaOH remains unreacted during
the first two steps, it can react with NaH in the third step of the NaAlH4 dehydrogenation
reaction, thereby making the overall reaction fully reversible. This “ideal” dehydrogenation

reaction scheme is shown as below:

NaAlHs + NaOH = 1/3Na3AlHes + 2/3Al + H> + NaOH 4)
T < 180-190°C (2.13 wt.%)

1/3NazAlH¢ + NaOH = 1/3A1 + NaH + 1.5H, + NaOH (5)
T < 260°C (1.09 wt.%)

NaH + NaOH + Al = 1/2Na;O + H> + Al (6)
T=320-350°C (1.78 wt.%)

Total mass loss: 5.00 wt.%

The purpose is to learn from the NaH-NaOH system to apply the addition of NaOH to
NaAlHs. By changing the dehydrogenation pathway by adding NaOH, it might be possible
to reduce the dehydrogenation temperature and make the system fully reversible. The

mechanism of NaAlH4-NaOH dehydrogenation reaction should also be researched.
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4.2 Experimental

NaH (Sigma Aldrich, dry, 90%), NaAlH4 (Sigma Aldrich, powder, 93%) and Al (Sigma
Aldrich, powder, 99.99%) was used as received. NaOH (Alfa Aesar, pellet, 99.99%) was
dried prior to synthesis experiment through use of the Schlenk line. (100 °C; -2 X 1072 bar)

Because of the air and moisture sensitivity of NaOH (Alfa Aesar, pellet, 99.99%), NaAlH4
and NaH (Sigma Aldrich, dry, 90%), all operations were carried out in a recirculating
Argon or N»-filled (BOC, 99.998%) glovebox (MBraun LABstar, O, < 10 ppm, H,0O < 0.5
ppm). NaOH (Alfa Aesar, pellet, 99.99%) was ball-milled for 1 hour to reduce the particle
size of the powder. After ball-milling, the NaOH was sent to Schlenk line to dry overnight.
(100 °C; -2 X 107 bar)

4.2.1 Mixing and milling of NaOH-NaAlH4

This experiment contain hand-mixed. Hand-mixing was conducted for 20 mins in an
argon-filled glovebox (MBraun LABstar, O, < 10 ppm, H2O < 0.5 ppm). For the
ball-milling, The NaOH and NaAlHs mixtures were weighed in different amounts
according to their respective molar ratios. And then transferred to a stainless-steel grinding
jar that was filled with eight stainless steel balls (10 mm diameter), each of which weighed
about 4 g. The grinding jar was sealed under argon before removal from the glovebox. Ball
milling was conducted at various reaction time and a 400 rpm rotation speed with a
ball-to-powder ratio of 80:1 in a planetary ball mill (Retsch PM100) in 5-minute milling

periods (reverse rotation) followed by 5-minute rest periods.
4.2.2 TG-DTA-MS Studies

NaAlH4-NaOH samples were characterised using thermogravimetric-differential thermal
analysis (TG-DTA) coupled with mass spectrometry (MS) to investigate their thermal
behaviour. These experiments aimed to determine the onset and peak temperatures of
thermal events during heating, quantify weight loss, and identify the nature and quantity of
gaseous species evolved during the reaction. TG-DTA measurements were conducted
using a Netzsch STA 409 PC instrument, which was coupled to a Hiden HPR20 mass
spectrometer. All analyses were performed under an argon flow, and sample handling was
carried out exclusively in inert atmosphere glove boxes to prevent contamination or

unwanted reactions.

Prior to analysis, correction files were generated, followed by the examination of the
materials. Initial experiments involved heating the samples from room temperature to

400 °C at a rate of 5 °C min!. Based on the results of these preliminary TG-DTA
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measurements, subsequent experiments were designed to investigate intermediate
temperature points, enabling the identification of any transient species formed and
facilitating the elucidation of the hydrogen release mechanism. For each experiment,
approximately 15-30 mg of sample was subjected to thermal treatment. TG-DTA analysis
was further employed to determine the activation energy of the system using the Kissinger
method. Samples were heated to 400 °C at varying heating rates of 2, 5, 10, and 20 °C
min!, and Kissinger plots were constructed to extract kinetic parameters associated with

the dehydrogenation process.
4.2.3 Powder X-ray Diffraction (PXD)

All starting materials and NaAlH4-NaOH samples were characterized using PXD. All the
materials used in this study were air-sensitive. Therefore, all the samples were prepared
using the air-sensitive sample holder under inert atmosphere.(glovebox) All the materials
were characterized by PANalytical X Pert and Rigaku Miniflex. Diffraction data was
collected over a 20 range of 5-85° for 1 h to facilitate phase identification. The obtained
diffraction data were compared with appropriate reference patterns using the ICSD
database via PowderCell or the ICDD PDF database via PANalytical HighScore Plus and
Jade 6.5 software.!>!* Rietveld refinements were performed using the General Structure

Analysis System (GSAS) with the EXPGUI interface. !’
4.2.4 Raman spectroscopy

Raman spectroscopy was conducted at room temperature (Horiba LabRam HR confocal
microscope; 325 nm UV laser, 100 pm aperture, 600 grooves/mm grating, Synapse CCD).

Sealed glass capillaries were used to contain the sample.

4.3 Results and discussion

4.3.1 Thermal Treatment of NaAlH4

Figure 4-1 illustrates the comparison between NaAlH4 as received and NaAlH4 after 24
hours of ball milling. It can be observed that although the purity of the as-received NaAlH4
is only 93%, no impurity peaks (such as NaOH) are detected in the PXD pattern. The
impurity is possible to be inert impurity. Therefore, in subsequent experiments, the NaAlHa4:
NaOH molar ratio was determined based on 1:0.93n (n = 1, 2, 3, 4). After 24 hours of ball
milling, the NaAlH4 peaks become broader because the particle size of NaAlH4 is reduced.
However, no additional peaks appear, indicating that no decomposition occurs. This

confirms that at a milling speed of 400 rpm, NaAlH4 remains stable and does not undergo
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any reaction.

1I- NaAlH4 BM24h
I- NaAIH4 as received

2 Theta (Deg.)

Figure 4-1: PXD pattern of ball-milled NaAlH4 (24 h; I) and NaAlH,4 as-received (II).

According to Figure 4-2, the thermal decomposition of NaAlH4 exhibits four DTA peaks at
peak temperatures of 186 °C, 256 °C, 293 °C, and 373 °C. The first and third peak
temperatures align with those reported in previous literature in Table 4-2. The fourth peak
temperature closely matches the peak temperature observed for the decomposition of NaH
(see Section 3.3). The total hydrogen mass loss is measured at 6.84 wt.%, which is close to
the theoretical hydrogen ma  ss loss of 6.88 wt.% for NaAlH4 assuming 93 at.% purity.
However, compared to NaAlH4 reported in the previous literature, an additional peak was
observed at 256 °C in the DTA analysis. Moreover, in the MS spectrum (Figure 4-3), only
three peaks were detected, with the initial peak at 186 °C missing. While the mass loss in
the final step is consistent with literature values, the mass losses in the first two steps do
not match the reported values (3.7 wt.% and 1.9 wt.%). These discrepancies of mass loss

and peak temperature will be analysed in the following sections.
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Table 4-2: Comparison of NaAlH4 As-received and As-reported Storage Performance

Parameter NaAlH4 NaAlH4
As-received As-reported

First Dehydrogenation Temperature /°C 186 180-190
Second Dehydrogenation Temperature /°C 256,293 >260
Third Dehydrogenation Temperature /°C 373 >425
First Dehydrogenation Mass loss /wt.% 0.42 3.7
Second Dehydrogenation Mass loss /wt.% 4.84 1.9
Third Dehydrogenation Mass loss /wt.% 1.60 1.9
Total Dehydrogenation Mass loss /wt.% 6.84 7.5

To investigate this discrepancy, Figures 4-4 and 4-5 present PXD patterns of NaAlH4 After
heating in the TG-DTA to 180 °C, 200 °C, 220 °C, and 250 °C. The results indicate that
NaAlH4 remains unchanged up to 180 °C. At 200 °C, a small amount of NazAlH¢ begins to
form, and at 250 °C, significant decomposition of NaAlH4 occurs, leading to the formation
of Na3;AlH¢. No additional peaks or intermediates are observed between 180 °C and 250 °C.
This suggests that although NaAlHs begins to decompose around 186 °C, the
decomposition and hydrogen release proceed at a very slow rate. The decomposition rate
only increases significantly around 250 °C. The melting point of NaAlHj4 is reported to be
185 °C.!¢ Therefore, it can be inferred that the first peak at 186 °C corresponds to the
melting of NaAlHs, during which NaAlHs; slowly decomposes into NazAlHes and Al,
releasing hydrogen gas. The second peak at 256 °C represents the dehydrogenation
reaction of NaAlHs4, where it decomposes into Na3AlHs and Al. As the temperature
increases, the reaction rate accelerates, leading to a faster release of hydrogen gas. A
significant increase in the reaction rate is observed around 250 °C. The third peak at
293 °C corresponds to the dehydrogenation reaction of Na3AlHs, which decomposes into
NaH and Al, releasing hydrogen gas. Additionally, a kink (small change in gradient)
appears in the TG curve around 270 °C, indicating that the dehydrogenation reactions of
both NaAlH4 and Nas;AlHs are occurring simultaneously at this temperature. The fourth
peak at 373 °C represents the dehydrogenation reaction of NaH, which decomposes into
Na and H»z. This explains why the hydrogen mass loss in the first two steps of the
dehydrogenation of NaAlH4 differs, while the hydrogen mass loss in the third step is closer
to the expected value. In the MS data shown in Figure 4-3, a peak is observed at 275 °C.
This peak corresponds to the decomposition of NaAlHs into Na3AlHs. Therefore, the
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decomposition mechanism of as-received NaAlH4 follows the same pattern as described in
the literature, but the decomposition temperatures are significantly higher. This
discrepancy also suggests that the decomposition of NaAlHs and NasAlH¢ may occur

simultaneously in the temperature range of 270-300 °C.
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Figure 4-2: TG(red) and DTA(blue) profiles for ball-milled NaAlHs (24h, 400rpm) on heating from
35-400 °C at 5 °C min™ under flowing Ar(g).
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Figure 4-3: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a
function of temperature for ball-milled NaAlH4 (24h, 400rpm) on heating from 35-400 °C at 5 °C min™!
under flowing Ar(g).
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Figure 4-4: PXD patterns of ball-milled NaAlH4 (24h, 400rpm) after heating to 180 (I), 200 (II) and 220
(ITD) °C under flowing Ar(g). (1 represent NaAlHy; 2 represent NazAlHg; 3 represent Al)
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Figure 4-5: PXD patterns of ball-milled NaAlH4 (24h, 400rpm) after heating to 220 (I) and 250 (II)
under flowing Ar(g). (1 represent NaAlHy; 2 represent NazAlHs; 3 represent Al)
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4.3.2 Thermal Treatment of Al and NaOH

To ensure that no side reactions occur throughout the process of NaAlHs and NaOH, the
interaction between Al (the side product from the alanate dehydrogenation reaction) and
the potential starting material, NaOH was investigated. Al and NaOH can react with
moisture in the air at room temperature to form NaAlO, and H».!” Therefore, it is crucial to

confirm that Al and NaOH do not react before 450 °C in an argon atmosphere.

The DTA curve of the “hand mixed” NaOH-AI mixture(Figure 4-6) exhibits peaks similar
to those observed for the decomposition of NaOH alone, specifically around 295 °C and
315 °C.(Figure 3-4) According to previous section 3.3.1, this indicates that no additional
reactions occur. Furthermore, the MS data in Figure 4-7 show no formation of H» or water
below 450 °C, and the PXD patterns before and after heating remain similar, with no
additional peaks appearing (Figure 4-8). In conclusion, NaOH and Al do not undergo any

reaction under these conditions.
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Figure 4-6: TG(red) and DTA(blue) profiles for hand mixed 1:1 NaOH:Al on heating from 35-450 °C at
5 °C min™! under flowing Ar(g).
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Figure 4-7: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a

function of temperature for hand mixed 1:1 Al:NaOH on heated from 35-450 °C at 5 °C min! under

flowing Ar(g).
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Figure 4-8: PXD patterns of hand mixed 1:1 NaOH:Al before (II) and after (I) heating to 450 °C under

flowing Ar(g). (1 represent NaOH; 2 represent Al)

4.3.3 Thermal Treatment of Hand-mixed NaAlH4s-NaOH and Mechanism

Research

From Figure 4-9, the TG-DTA data for the hand-mixed NaAlH4 : NaOH mixture show
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three peaks at 185 °C, 270 °C, and 386 °C, respectively. Compared to the decomposition of
NaAlH; alone, the first thermal event has apparently changed from an endothermic to an
exothermic process, whereas the temperature of the second event has decreased from
290 °C to 270 °C. However, the temperature of the third reaction has not changed
significantly and even increased, with 386 °C being very close to the 380 °C expected for
NaH dehydrogenation. The observation indicates that NaH remains in the sample at high
temperature. A small inflection is observed at 182 °C on the DTA curve, preceding the first
peak at 185°C. This is related to the previously reported melting point of NaAlH4 at 180 °C.
Therefore, it can be inferred that NaAlH4 first undergoes an endothermic melting process
before the exothermic reaction occurs. Additionally, between 320 °C and 380 °C, a small
inflection is noted on the DTA curve around 350 °C. It’s feasible that some of the NaOH
might have reacted with the NaH. The hydrogen mass loss at each step is approximately
3.42 wt.%, 0.49 wt.%, and 1.09 wt.%, respectively, with the total hydrogen mass loss being
approximately 5 wt.%. From the MS data in Figure 4-10, the only gas released is hydrogen.
The theoretical hydrogen mass loss is also 5.00 wt.%. Therefore, all the hydrogen in NaOH
and NaAlHy is released as hydrogen gas. However, according to the proposed reactions
shown in section 4.1.2 (equations 4, 5, and 6), the theoretical mass losses for the three-step
reaction should be 2.13 wt.%, 1.09 wt.%, and 1.78 wt.%, respectively. Although complete
dehydrogenation is apparently achieved, the process does not follow the expected reaction

mechanism.
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Figure 4-9: TG(red) and DTA(blue) profiles for hand mixed 1:1 NaAlH4:NaOH on heating from
35-450 °C at 5 °C min™! under flowing Ar(g).
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Figure 4-10 : Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2;red) as a
function of temperature for hand mixed 1:1 NaAlH4;:NaOH on heating from 35-450 °C at 5 °C min-!
under flowing Ar(g).

Figure 4-11 shows the PXD patterns of the hand-mixed NaAlH4-NaOH after heating to
175 °C, 185 °C, and 300 °C (and cooling). The DTA line in Figure 4-9 show a sharp peak
at 186 °C between 175 °C and 210 °C. From 175 °C to 185 °C, the peaks of NaAlH4 begin
to disappear, and NazAlHg starts to form in large quantities. The peaks of NaOH do not
change, indicating that NaOH did not participate in the reaction of NaAlH4 decomposing
into NazAlHs. However, at 300 °C, the NaOH peaks decreased considerably, suggesting
much of the NaOH has probably reacted. When NaszAlH¢ has apparently completely
reacted, NaOH still remains at 300 °C. When the temperature reaches 450 °C in the Figure
4-12, the final products are Na and Al, accompanied by a small amount of unknown peaks,
with no NaxO or NaOH present. Unless the unknown peaks correspond to an
oxygen-containing phase, then O must also have been lost in the decomposition (either as
O and/or as H20), which should increase the mass loss above 5 wt.% if all H is also lost.
Therefore, NaOH did not react with NaH as initially expected in reaction (6). However,
since NaOH does not remain at 450 °C and has already significantly decreased by ca.
300 °C, and based on previous validation that NaOH does not react with Al alone, it is

highly likely that some other combination of NaH, NaOH, and Al are reacting together.
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Figure 4-11: PXD patterns of hand mixed 1:1 NaAlH4:NaOH after heating to 175 (I), 185 (II) and 300
(III) °C under flowing Ar(g). (and cooling to room temperature). (1 represent NaAlH4; 2 represent
NaOH; 3 represent Na3;AlHs; 4 represent NaH; 5 represent Al)
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Figure 4-12: PXD pattern of hand mixed 1:1 NaAlH4:NaOH after heating to 450 °C under flowing Ar(g)
(and cooling to room temperature). (1 represent Al; 2 represent Na). Appendix A4-1 show the PXD

patterns for the sample compared to stardard patterns from ICSD.
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Due to the previous individual reaction of NaH, it suggests that the amount of NaOH was
insufficient. This suggests that if any NaOH were present in excess, it would react with
NaH to form Na>O. However, no peak corresponding to Na,O is observed in Figure 4-12.
This indicates that the amount of NaOH was insufficient for the reaction. As a result, the
molar ratio of NaAlHs to NaOH in the reaction was not 1:1 due to the complete
consumption of NaOH. Therefore, additional NaOH was introduced, and its TG-DTA
analysis along with the PXD of the product after heating were conducted to infer the
reaction mechanism. Therefore, Figures 4-13 and 4-14 show the thermal performance of
the hand-mixed 1:4 NaAlH4#NaOH dehydrogenation reaction. Overall, the
dehydrogenation reactions exhibit differences in their exothermic and endothermic
characteristics. For the 1:1 NaAlH4:NaOH mixture, the first dehydrogenation peak at
186 °C is exothermic, while the subsequent two peaks are endothermic. In contrast, all
three peaks in the dehydrogenation reaction of the 1:4 NaAlH4:NaOH mixture are

exothermic.
NaAlH4 + 4NaOH = 1/3 NaszAlHg + 2/3Al + H2 + 4NaOH (7)
Theoretical mass loss = 0.93 wt.%

The slope of the TG curve undergoes a change between 270 °C and 300 °C. This indicates
that the second and third steps of the reaction, which occur within this temperature range,

proceed simultaneously.
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Figure 4-13: TG(red) and DTA(blue) profiles for hand mixed 1:4 NaAlHs:NaOH on heating from
35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 4-14: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for hand mixed 1:4 NaAlH4:NaOH on heating from 35-400 °C at 5 °C min’!
under flowing Ar(g).

To verify the reaction occurring at the third peak temperature in the NaAlH4-4NaOH
mixture, ex situ PXD patterns were taken after heating to 200 °C, 300 °C, and 400 °C (and
cooling to room temperature in each case). These are shown in Figures 4-15, 4-16, and
4-17, respectively. When heated to 200 °C, NaAlH4 decomposes into Na3AlHs, and NaOH
still remains in large quantities. No additional peaks are generated, indicating that neither
NaAlH4 nor NazAlHs reacts with NaOH. Upon heating to 300 °C, PXD Figure 4-16 clearly
shows the peaks corresponding to Al, NaOH, and NaH. However, there are some
additional peaks at approximately 35° and 42° that cannot be readily identified due to their
complex and noisy nature, as well as their relatively low intensity. Therefore, the
identification of these peaks can only be aided by examining the sample heated to 400°C,
as these may correspond to the formation of certain compounds. Upon heating to 400 °C
and cooling, the final product, compared with the ICSD database, is identified as NasAlOs.
Therefore, the reaction mechanism for the final step is NaH + Al + 4NaOH = NasAlOs +
5/2Hz. In the previous PXD Figure 4-12, an unidentifiable phase was also observed
between 32° and 35°, which closely resembles NasAlO4. Therefore, it is highly likely that
the 1:1 NaAlH4:NaOH and 1:4 NaAlH4:NaOH mixtures underwent similar reactions. This
similarity in reaction pathways likely led to the insufficient amount of NaOH, allowing
NaH to undergo its own decomposition reaction at 380 °C. Phase of NasAlO4 in PXD
figure is abundant, the small amount of NasAlO4 generated cannot be detected in the PXD
Figure 4-16 by software, as seen in the pattern at 300°C, where NasAlO; is already present

but not clearly visible. Therefore, the total mechanism was shown below:
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NaAlHs + 4NaOH = 1/3NasAlHs + 2/3Al + Hy + 4NaOH (7)
Theoretical mass loss = 0.93 wt.%

1/3NaszAlHe¢ + 4NaOH = NaH + 1/3Al1 + 1/2H, + 4NaOH (8)
Theoretical mass loss = 0.46 wt.%

NaH + Al + 4NaOH = NasAlO4 + 5/2H> 9)

Theoretical mass loss =2.31 wt.%
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Figure 4-15: PXD pattern of hand mixed 1:4 NaAlH4:NaOH after heating to 200 °C under flowing Ar(g)
(and cooling to room temperature). (1 represent NasAlHg; 2 represent NaOH; 3 represent Al)Appendix
A4-2 show the PXD patterns for the sample compared to stardard patterns from ICSD.
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Figure 4-16: PXD pattern of hand mixed 1:4 NaAlH4:NaOH after heating to 300 °C under flowing Ar(g)

(and cooling to room temperature). (1 represent NaOH; 2 represent NasAlO4) Appendix A4-3 show the

PXD patterns for the sample compared to stardard patterns from ICSD.
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Figure 4-17: PXD pattern of hand mixed 1:4 NaAlH4:NaOH after heating to 400 °C under flowing Ar(g)

(and cooling to room temperature). (1 represent Al; 2 represent NaOH; 3 represent NaH; 4 represent

NasAlOg4) Appendix A4-4 show the PXD patterns for the sample compared to stardard patterns from
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ICSD.

Although the mechanism of the hand-mixed NaAlIH4-NaOH system has been investigated,
there remains one unresolved issue: the first reaction step of NaAlH4 with NaOH changes
from an endothermic to an exothermic reaction. XRD verification seems to suggest that
NaOH does not react directly with NaAlHs. Therefore, there are three possible
explanations. The first is that NaOH acts as a catalyst for NaAlHs. The second is that
NaOH reacts with NaAlHs to form an intermediate phase, but this state is unstable or
cannot be detected by XRD. The third possibility is that there is an interaction between
protonic hydrogen (H®) and hydridic hydrogen (H?) in NaOH and NaAlH4, which lowers

the energy barrier and activation energy.

Table 4-3 shows the activation energies of the first two steps for NaAlH4, hand-mixed
NaAlH4-NaOH, and hand-mixed 1:4 NaAlH4+:NaOH. The detailed calcualtion step is
present on Appendices from A4-5 to A4-13. From these results, it is clear that after adding
1 mol of NaOH, the activation energy of the first step is reduced by approximately half.
Furthermore, the activation energy of the second step is also reduced. In the TG-DTA
pattern for the NaAlH4-4NaOH sample (Figure 4-13), a small concave shape is observed

around 270°C, indicating that this reaction has become exothermic.

Based on the activation energy calculations, one cannot be sure with hand mixing that each
component is not reacting independently (to some extent) and that milling should remove
this possibility. Based on the previous experimental results, we obtained reactions 7, 8 and
9. However, these still fail to explain why the reaction transitions from endothermic to
exothermic, despite the reduction in activation energy. This may be due to a reaction
occurring between NaOH and NaAlH4 at around 180 °C. Therefore, the next step is to use
ball milling to further validate the potential reactions between NaAlH4 and NaOH.
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Table 4-3: Activation energies (determined by the Kissinger method) of NaAlHs, hand-mixed
NaAlHs-NaOH and hand-mixed NaAlH4+-4NaOH

Second peaks |Activation energy / kJ
DTA heat rate / °C min! | First peak / °C

/°C mol!
NaAlH4-2 °C/min 182.32 273.51
5°C/min 186.73 292.56 First: 309.95+12.61
10°C/min 191.28 297.59 Second: 165.65+24.03
20°C/min 194.93 308.23
1:1 NaAlH4-NaOH-2
179.54 255.19
°C/min
First: 148.21+18.14
5 °C/min 185.91 270.66
Second: 112.31£7.05
10 °C/min 194.82 288.99
20 °C/min 205.35 301.52

1:4 NaAlH4-4NaOH- 2

176.78 244.86
°C/min
First: 134.85+21.46
5°C/min 183.15 269.21
Second: 99.10+9.23
10 °C/min 191.65 278.78
20°C/min 204.71 298.18

4.3.4 Ball-milling NaAlH,4 with Differenct Molar Ratios of NaOH

4.3.4.1 Mechanism Research of Ball-milling with different molar ratio of

NaAlH4s:NaOH

In the preceding sections, the reaction mechanism of NaAlH4 and NaOH when hand-mixed
was described. However, under ball-milling conditions, different reactions occur.
Therefore, in this chapter, the reaction mechanisms are investigated by comparing the PXD
patterns of products obtained from various molar ratios of NaAlH4:NaOH after ball milling

and subsequent heating to 400 °C.

Since the hand-mixed 1:1 NaAlH4-NaOH system undergoes an exothermic reaction, it is

possible that NaAlHs-NaOH could react that the milling process could provide the
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necessary activation energy to initiate the exothermic reaction. To verify this hypothesis,
1:1 NaAlH4:NaOH samples were ball-milled for 2 hours, 4 hours, and 10 hours. The
respective PXD patterns are shown in Figure 4-18. When a 1:1 sample was ball-milled for
2 h, partial decomposition of NaAlH4 into Na3AlHs was seen to begin. The phases of
NazAlHg at 33°, 47°, and 58° are broad rather than sharp, which is significantly different
from the peaks of NasAlH¢ observed in the previous PXD Figure 4-15. Additionally, the
relative intensity of NaOH is notably weaker compared to that of NaAlH4. After ball
milling for 4 hours, the peaks of NaOH decreased, and the peaks of NaAlH4 significantly
diminished, while Na;AlH¢ began to form in large quantities. After ball milling for 10
hours, only the peaks of Na3;AlHs remained, and they broadened. Since the 1:1
NaAlH4:NaOH mixture only exhibited the phase of Na3AlHg after 6 hours of ball milling,
to investigate whether the amount of NaOH affects NaAlHs, a mixture of 1:0.5
NaAlH4:NaOH was also ball-milled for 10 hours. For the 2:1 NaAlH4+:NaOH sample, after
ball milling for 10 hours, the NaOH peaks disappeared, but NaAlH4 was still present. The
NazAlHe phase also broadened.

To identify the compounds or functional groups present in the 1:1 NaAlH4:NaOH mixture
after 10 hours of ball milling, Raman spectra were compared for NaAlHs as received,
NaOH after drying, and the 1:1 NaAlH4:NaOH mixture. In the Raman spectra (Figure
4-19), peaks corresponding to Na3AlHs were observed at 1568, 1158, 1060 and 961 cm™.
According to Yukawa et al’s article, in the Raman spectrum of NazAlHg, the main peaks
are observed at 1556 c¢cm™ and 1152 cm’!, corresponding to the symmetric and
antisymmetric stretching vibrations of the Al-H bonds, respectively.'® Additionally, peaks
around 1562 cm’!, 1114 cm™', and 987 cm’! are identified, which are associated with the
stretching and bending vibrations of hydrogen in Na3;AlHe. These results highlight the
distinct vibrational characteristics of the six-coordinated [AlHe]* complex anion in

Na3A1H6.

Currently, two issues remain. The first is that the Al phases in Figure 4-18 for reaction 7 of
1:1 NaAlH4:NaOH is absent. The second is that, based on previous PXD analysis in
Figure 4-11 and 4-15, NaOH does not react with NaAlH4, but after ball milling for 10h, the
NaOH peaks of 1:1 NaAlH4:NaOH disappears. The formation of broad peaks
corresponding to NaszAlHe is likely due to the reaction between NaOH and NaAlH4,
resulting in the formation of an intermediate compound NazAlHex(OH)x. Further

verification is required.
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Figure 4-18: PXD patterns of ball-milled 1:0.5 NaAlH4:NaOH(10h, 400rpm; IV) and 1:1
NaAlH4:NaOH (2h, III; 4h, IT; 10h, I). (1 represent NaOH; 2 represent NaAlH4; 3 represent NazAlHg)
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Figure 4-19: Raman spectra of NaAlH4 (III), NaOH (II) and ball-milled 1:1 NaAlH4+:NaOH (10h, 400

rpm; I).
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To investigate whether a small amount of NaOH, acting as an additive, can facilitate the
reaction of NaAlH4. Figure 4-20 shows the PXD patterns of molar ratio of 10:3
NaAlH4:NaOH mixture that has been ball milled for 10 h, and subsequently heated to
either 185 °C or 300 °C. From the addition of 0.3NaOH to 1NaOH, it can be observed that
the peaks corresponding to NaAlH4 gradually decrease after ball milling and upon heating
to 185 °C and 300 °C, accompanied by the formation and relative intensity increase of the
broad NazAlHs peaks. Based on the previous Figure 4-18, the peaks of NaOH disappeared
after 10 hours of ball milling in both the 1:0.5 NaAlH4:NaOH and 1:1 NaAlH4:NaOH
mixtures. Similarly, in the 1:0.3 NaAlH4:NaOH mixture after 10 hours of ball milling, the
NaOH peaks also vanished. Therefore, the disappearance of NaOH can be attributed to the
completion of the reaction between NaAlHs and NaOH. Given these observations, it is
possible that the reaction between NaAlH4 and NaOH initially forms a Na-Al-H-OH phase,
which subsequently decomposes into sodium hydroxide and one or more hydrides. These
intermediates then further transform into NaH and Al at higher temperatures, eventually
yielding Na and Al. According to the previous Raman Figure 4-19, the intermediate phase
is likely to be Na3AlHsx(OH)x, as it exhibits distinct vibrational characteristics of the
six-coordinated [AlHq]* structure. However, verifying this intermediate phase is
challenging due to its broad peaks, which make it difficult to refine using GSAS software
to determine its possible content. This situation is similar to the case of NaOH and NaH,
where the OH™ "dissolves" into the hydride structure, forming a hydride-hydroxide solid

solution.

The previous experiments described the effect of a small amount of NaOH on the reaction
of NaAlH4 after ball milling. Next, the aim is to investigate whether a larger quantity of
NaOH can further promote the reaction of NaAlH4 under ball-milling conditions. From
Figure 4-21, it is clear that when the molar ratio of NaAlH4 to NaOH reaches 1:2 and
milling time reach 2h and 4h, there is again a noticeable NaOH and NaH peak. This
observation differs from the previously described 1:1 NaAlH4+:NaOH case, where the
relative intensity of the intermediate phase Na3AlHe¢x(OH)x begins to decrease gradually
from 2 to 4 hours of ball milling. This indicates that Na;AlHs.x(OH)x further decomposes
into NaH and NaOH with extended ball-milling time. According to the previous Table 4-2,
the activation energy for the second reaction step (Reaction 8) is reduced when more
NaOH is added. Therefore, the addition of NaOH during ball milling can facilitate the
decomposition of NazAlHe¢x(OH)x.
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Figure 4-20: PXD patterns of 1:0.3 NaAlH4:NaOH after ball-milling (2h, 400rpm; I) and heating to 185
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Figure 4-21: PXD pattern of 1:2 NaAlH4:NaOH after ball-milling (2h,I; 4h II). (1 represent NaAlHy; 2
represent NaOH; 3 represent NaH; 4 represent NazAlHs)
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Figure 4-22 shows the thermal performance of 1:1 NaAlH4:NaOH after ball milling for 10
hours and heating to 400 °C. It can be observed that, compared to the original hand-mixed
sample(1:1 NaAlH4+:NaOH in Figure 4-9), the first step (reaction 7) has completely
disappeared. This is because the first step (reaction 7) has already occurred during ball
milling, as evidenced by the presence of only the intermediate phase Na3AlH¢x(OH)x in
PXD Figure 4-18. The first peak of 1:1 NaAlH4:NaOH samples after ball milling for 10
hours at 255 °C is lower than the previous 270 °C (1:1 NaAlH4:NaOH in Figure 4-9) and
292 °C (NaAlH; in Figure 4-2), and has become an exothermic reaction. Between 255 °C
and 300 °C, Na3;AlHs.x(OH)x may decompose into Al, NaH, and NaOH. The second peak
of 1:1 NaAlH4:NaOH samples after ball milling for 10 hours is at 361°C, and according to
PXD in Figure 4-23, peaks corresponding to NasAlOs4, Na;O, and Na are present. As
described earlier for the hand-mixed sample (reaction 9), 4NaOH + Al + NaH will react to
form NasAlOs. The small amount of NasAlO4 generated shows some small peaks around
35° that is similar to the one in Figure 4-12. As previously analysed, these peaks may
correspond to NasAlO4. Compared to the hand-mixed sample of 1:1 NaAlH4:NaOH, there
is an additional peak for Na>O. In the hand mixed 1:1 NaAlH4:NaOH on Figure 4-9, at ca.
300 °C, the NaH and NaOH products had not reacted further for the third step (reaction 9),
whereas in the ball-milled 1:1 NaAlH4:NaOH, they reacted to form Na>O and hydrogen at
lower temperature. This indicates that ball milling reduces the particle size of the sample,

making it easier for 1:1 NaH:NaOH reaction to form Na,O and hydrogen.
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Figure 4-22: TG(red) and DTA(blue) profiles for ball-milled 1:1 NaAlH4s:NaOH (10h, 400rpm) on
heating from 35-400 °C at 5 °C min-! under flowing Ar(g).
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Figure 4-23: PXD pattern of ball-milled 1:1 NaAlH4:NaOH (4h, 400rpm) after heating to 400 °C under
flowing Ar(g). (1 represent Al; 2 represent Na,O; 3 represent Na; 4 represent NasAlOy)

In Figure 4-21, the 1:2 NaAlH4:NaOH sample shows the appearance of NaH peaks after
ball milling for 2 hours and 4 hours. This indicates that the intermediate may further
decomposes into NaH because from 2 hours to 4 hours, the relative intenity of phases of
NaszAlHex(OH)x decrease, and the NaH phases increase. To investigate whether NaH is
formed from the decomposition of Na3AlHex(OH)x and to explore whether the
decomposition of Na3AlHe.x(OH)x continues upon adding more NaOH, 1:3 NaAlH4:NaOH
and 1:4 NaAlH4:NaOH mixtures were ball-milled for 2 hours and 4 hours and compared
with the previously studied 1:1 NaAlH4:NaOH and 1:2 NaAlH4:NaOH mixtures.

From Figure 4-24, it can be observed that when the NaAlH4:NaOH molar ratio reaches 1:3
after 2 hours of milling, compared with the previously reported 1:2 NaAlH4+:NaOH sample
in PXD Figure 4-21, the relative intensity of NaAlHs is higher. This finding is somewhat
unexpected. After 4 hours of ball milling, the phase of Na3AlHe¢x(OH)x completely
disappears, leaving only the phases of NaH and NaOH. The appearance of the
Na3AlHs.<(OH)x phase after 2 hours of ball milling suggests that NaH is likely formed from
the decomposition of Na3AlHsx(OH)x. However, it is peculiar that the phase of Al cannot
still be detected. One possible reason is that the decomposed Al adheres to the stainless
steel ball mill jar and cannot be removed. This is likely due to the excellent ductility and

high plasticity of Al, which can undergo severe plastic deformation under the impact force
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of ball milling and subsequently form cold welds. According to Suryanarayana et al.’s
article, different types of ball milling equipment have a significant influence on the
cold-welding behaviour of aluminium. For instance, when using high-energy vibration ball
mills such as the SPEX 8000 (equivalent rotation speed of about 1725 rpm) or planetary
ball mills (rotation speed typically ranging from 300 to 600 rpm), aluminium powders tend
to experience cold welding and agglomeration within the first 5 to 30 minutes of ball

milling due to severe plastic deformation.'”

Benjamin first observed in his 1970
mechanical alloying experiments that when ball milling aluminium powders using an
Attritor mill (with an agitator shaft rotation speed of about 400 rpm), significant cold
welding occurred within the first hour, with powders gradually aggregating into lumps and
adhering to the grinding balls or the inner wall of the mill jar.’ Therefore, it is highly
probable that the generated Al cold-welds to the ball mill jar during the milling process,

making it undetectable.

Figure 4-25 shows that, as in the 1:3 system, when the NaAlH4:NaOH molar ratio reaches
1:4, after 4 hours of ball milling, only NaH and NaOH peaks are present. After 2 hours of
ball milling, the relative intensity of the NasAlHex(OH)x phase in the 1:4 NaAlH4:NaOH
mixture is lower than that in the 1:3 NaAlHs:NaOH mixture. Overall, the PXD pattern of
the 1:4 NaAlH4:NaOH mixture is largely similar to that of the 1:3 NaAlH4:NaOH mixture.
In contrast to the 1:2 NaAlHs:NaOH mixture, which still exhibits the NazAlHs.x(OH)x
phase after 4 hours of ball milling, the 1:1 NaAlH4:NaOH mixture shows complete
disappearance of the NaOH phase after 10 hours of ball milling, as illustrated in Figure
4-18. Thus, when the molar ratio of NaAlH4:NaOH reaches 1:2, NazAlHs.«(OH)x further
decomposes into NaH and NaOH. When the molar ratio reaches 1:3 or 1:4, the
decomposition rate of NasAlHe¢x(OH)x accelerates, with complete decomposition occurring
after 4 hours of ball milling. Due to the absence of Al, the DTA-TG and MS figures of the
dehydrogenation of 1:2, 1:3, and 1:4 NaAlH4+:NaOH mixtures after ball milling show no
discernible patterns (see Appendix A4-14 and A4-15). In the TG-DTA figure of the 1:2
NaAlH4:NaOH mixture after 4 hours of ball milling, the total hydrogen mass loss is 0.83
wt.%. A minor peak is observed at 261°C, corresponding to an exothermic reaction with
negligible mass loss. The main dehydrogenation reaction peak occurs at 363°C, which is
an endothermic reaction. In the TG-DTA figure of the 1:3 NaAlH4+:NaOH mixture after 4
hours of ball milling, the total hydrogen mass loss is 0.82 wt.%, with the main
dehydrogenation reaction peak at 345 °C, which is also an endothermic reaction. This
indicates that most of the dehydrogenation reaction has already been completed during ball
milling. In the TG-DTA figure of the 1:4 NaAlH4:NaOH mixture after 4 hours of ball
milling, the total hydrogen mass loss is 1.02 wt.%, with a broad peak observed at 320 °C.
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This suggests that the majority of the dehydrogenation reaction has been completed during

the ball-milling process.

From the DTA curves of the 1:1 NaAlH4:NaOH mixture in Figure 4-22 and the 1:2
NaAlH4:NaOH mixture in Figure A4-1, it can be observed that the reaction corresponding
to the second step (reaction 8) is gradually diminishing. When examining the DTA curves
of the 1:3 and 1:4 NaAlH4:NaOH mixtures, this reaction has completely disappeared. The
only variable that has been altered in these experiments is the amount of NaOH. According
to the previous Kissinger analysis of variable heat rate TG-DTA data (Table 4-2), adding
more NaOH in the NaAlHs-NaOH system reduces the activation energy. Therefore, the
possible reason for disappearance of the second step (reaction 8) the energy generated by
the exothermic reaction of NasAlHesx(OH)x after ball milling promotes the occurrence of
the second reaction. Additionally, in 1:3 NaAlH4+:NaOH and 1:4 NaAlH4+:NaOH after 2
hours of ball milling, peaks of NaAlH4, NaH, and Na3AlH¢ are present, indicating that the
synthesis of NazAlHe¢.x(OH)x and its decomposition occur simultaneously. After 4 hours of
ball milling, the 1:2 NaAlH4#:NaOH sample in Figure 4-21 still shows a broad
NaszAlHex(OH)x phase, but NaAlHs-3NaOH after ball-milling for 4h in Figure 4-24 does
not show the same phase. Therefore, more NaOH can make the second step of

dehydrogenation reaction of NazAlHs.x(OH)x proceed in ball-milling more quickly.
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Figure 4-24: PXD patterns of ball-milled 1:3 NaAlH4s:NaOH (2h, I; 4h II). (1 represent NaOH; 2
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represent NaH; 3 represent NaAlHy; 4 represent Na3AlHg)
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Figure 4-25: PXD patterns of ball-milled 1:4 NaAlH4s:NaOH (2h, I; 4h II). (1 represent NaAlH4; 2
represent NaOH; 3 represent NaH; 4 represent NazAlHg)

4.3.4.2 Role of NaOH

To investigate whether NaOH acts as a catalyst and how much NaOH is needed to shift the
first reaction from an endothermic to an exothermic reaction, dehydrogenation reaction of
ball-milled (300 rpm, 1h) 1:0.1 NaAlH4+NaOH, 1:0.2 NaAlH4NaOH and 1:0.3
NaAlH4:NaOH was performed on heating from 35 °C-400 °C under argon. Figures 4-26
and 4-27 show the thermal behaviour of NaAlH4 with 0.1, 0.2 and 0.3 molar equivalents of
NaOH added. To prevent the reaction between a small amount of NaOH and NaAlHa,
which previously led to the formation of the solid solution Na3AlHex(OH)x during ball
milling, further modifications to the milling process or reactant ratios should be considered.
The ball milling conditions for these samples were milder than the previous samples of
1:1-4 NaAlH4:NaOH (300 rpm for 1 hour, compared to 400 rpm for 2 hours). From Figure
4-26, it can be seen that when the NaOH content reaches 30 mol.%, the reaction shifts from
endothermic to exothermic. However, 30 mol.% NaOH might be regarded as excessive for
a substance acting as a catalyst. Additionally, a small amount of NaOH (such as 30 mol.%
NaOH) does not significantly promote the second and third steps of the reaction. Therefore,

it is highly likely that NaOH can only act as a reactive additive in the NaAlH4 system, and
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at least 20 mol.% NaOH ratio is necessary to change the reaction pathway of NaAlHa.
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Figure 4-26: TG(red) and DTA(blue) profiles for ball-milled NaAlH4:NaOH (1h, 300rpm) with molar
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Figure 4-27: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for ball-milled NaAlH4s:NaOH (1h, 300rpm) with molar ratio of (a)1:0.1
NaAlH4:NaOH (b)1:0.2 NaAlH4:NaOH (c¢)1:0.3 NaAlH4:NaOH on heating from 35-400(300) °C at 5 °C

min! under flowing Ar(g).

4.3.5 Dehydrogenation reaction of ball-milled Na3AlHs-NaOH

with different molar ratio

To investigate the relationship between NazAlHs and NaOH under ball milling conditions,
first Na;AlHs was synthesized by ball milling 1:2 NaAlH4:NaH at 400 rpm for 20h. Similar
ball-milling conditions to those reported by Yap et al. were employed. In Yap et al.'s study,
NaH and NaAlH4 were mixed in a molar ratio of 2:1 and placed into a stainless steel ball
mill jar with a ball-to-powder weight ratio of 40:1. Subsequently, the mixture was
ball-milled for 20 hours using a planetary ball mill (model NQM-0.4) at a rotation speed of
400 rpm.?! All procedures were conducted within a glovebox filled with high-purity argon.

The reaction 10 is shown below:
NaAlHs+ 2NaH — NaszAlHe (10)

The objective of this chapter is to investigate whether NazAlHs and NaOH can directly
form NazAlHe«(OH)x. Additionally, it explores the reactions occurring between 300°C and
400°C after ball milling the Na;AlHe—NaOH mixture. As shown in Figure 4-28, although
small amounts of NaH and NaAlHs have not completely reacted, the majority of the

product is NazAlHg after this time.
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Figure 4-28: PXD pattern of ball-milled NaAlHs-2NaH (20h, 400rpm).

Figures 4-29 and 4-30 show the thermal behaviour of Na3AlHe (contain small amount of
NaOH and NaAlHj) after heating to 400 °C. There are two endothermic DTA peaks
corresponding to the decomposition of NazAlHes into NaH, and the decomposition of NaH
into Na. The first peak temperature (251.60 °C) of dehydrogenation of Nas;AlHs is
significantly lower than the second peak temperature observed in the previous NaAlHy
reaction in Figure 4-2, decreasing from ca. 290 °C to ca. 250 °C. This temperature is
remarkably close to the 260°C described in the literature within Section 4.1, Introduction.
The reason may be attributed to the fact that, as shown in Figure 4-2, the peak temperature
for the first step of NaAlHs decomposition (formation of Na3AlHs) is approximately
275 °C. Consequently, the peak temperature for the subsequently generated Na3;AlHs
reaches 290 °C. If Na3AlHs were to react independently, its peak temperature would likely
be ca. 250 °C. The second DTA peak temperature, 379.6 °C, is close to the third peak
observed in the NaAlH4 reaction at ca. 380 °C in previous Figure 4-2. The theoretical
hydrogen mass loss should be 5.88 wt.%. The hydrogen mass loss for both reaction steps is
2.94 wt.%. Experimental hydrogen mass loss was 5.26 wt.% (2.60 wt.% and 2.66 wt.%
respectively) which is about 10 wt. % higher than the experimental hydrogen mass loss.
This discrepancy may be related to the purity of the NasAlHs sample because of the purity
of NaH (90 at.%) and NaAlH4 (93 at.%)).
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Figure 4-29: TG(red) and DTA(blue) profiles for as-synthesised NazAlHs on heating from 35-400 °C at
5 °C min™! under flowing Ar(g).
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Figure 4-30: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for as-synthesised NazAlHq on heating from 35-400 °C at 5 °C min"' under
flowing Ar(g).

In the ball-milling experiments of Na3AlHs with NaOH, molar ratios of 1:1, 1:3, and 1:4
NaszAlHes to NaOH were selected. The reason is that the 1:1 Na3AlHs:NaOH ratio
corresponds to the original 1:0.33 NaAlH4:NaOH molar ratio in reaction 7. As shown in
Figure 4-26, under relatively mild ball-milling conditions, the dehydrogenation reaction of
the 1:0.3 NaAlH4+:NaOH mixture can alter the first step of the NaAlH4 reaction from
endothermic to exothermic. Thus, the 1:1 NasAlHs:NaOH ratio investigates the effect of a
small amount of NaOH on NaszAlHg after ball milling. The 1:3 and 1:4 Na3;AlHs:NaOH

ratios correspond to the original 1:1 and 1:1.33 NaAlH4:NaOH molar ratios, respectively.
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Figure 4-31 shows the products from ball milling mixtures of Na3AlHs and NaOH with
different molar ratios of 1:1, 1:3 and 1:4 over a period of 2 hours. It can be observed that
after adding NaOH to NaszAlHs, the peaks of Na3AlHs broaden, similar to observations of
1:1 NaAlH4:NaOH in previous Figure 4-18. The relative intensity of the NaOH phase in
the 1:1 Na3sAlHs:NaOH mixture is relatively low after 2 hours of ball milling. As shown in
Figure 4-32, the phases in the 1:1 NazAlHq:NaOH mixture remain almost unchanged after
ball milling for both 2 and 10 hours. The NaOH phases at 15° and 38° do not diminish.
This indicates that the reaction between NazAlHs and NaOH to form Na3AlHex(OH)x was
already complete after 2 hours of ball milling. This result is unexpected because, according
to Figure 4-18, the NaOH phase disappeared after 6 hours of ball milling in the 1:1
NaAlH4:NaOH mixture. In other words, it was expected that no NaOH phase would be
present in the 1:1 and 1:3 Na3AlHs:NaOH mixtures. However, this also suggests that
NaAlH4 directly reacts with NaOH to form NasAlHe¢x(OH)x, rather than first decomposing
into NasAlHs and then reacting with NaOH. From the 1:1 NasAlHs:NaOH mixture to the
1:3 and 1:4 NasAlHe:NaOH mixtures, the NaH phase does not increase. In contrast, in the
previously reported 1:2 NaAlH4:NaOH and 1:3 NaAlH4:NaOH mixtures (Figures 4-21 and
24), the NaH peaks gradually increased. This indicates that the Na3AlH¢x(OH)x formed
from the reaction of Na3AlH¢ and NaOH does not decompose further. The possible reason
is that the energy generated from the reaction between NaAlH4 and NaOH previously
facilitated the decomposition of the Na3AlHex(OH)x. Without this energy, the energy

barrier cannot be overcome, and therefore NazAlH¢x(OH)x cannot decompose.
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Figure 4-31: PXD patterns of ball-milled Na3;AlHq:NaOH (2h, 400rpm) with meolar ratio (1:1
NasAlHs:NaOH, I; 1:3 NazAlHs:NaOH, II; 1:4 NasAlHs:NaOH, III). (1 represent NaOH; 2 represent
NasAlHs; 3 represent NaH)
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Figure 4-32: PXD patterns of ball-milled 1:1 NasAlHs:NaOH (2h, I; 10h, II).

To investigate the role of NaOH in promoting the dehydrogenation of NaszAlHs and
NazAlHex(OH)x, a ball-milling process was conducted on a 1:3 molar mixture of NazAlHg
and NaOH for 2 hours at 400 rpm. Subsequently, the ball-milled sample was heated to
400 °C at a rate of 5 °C min’!. Figures 4-33 and 4-34 illustrate that multiple thermal events
occurred during the thermal treatment of the ball-milled 1:3 NazAlH¢:NaOH mixture
within the temperature range of 240-400 °C. Although it is challenging to determine the
exact peak temperatures from the DTA curve shown in Figure 4-33, the MS curve in
Figure 4-34 exhibits four distinct peaks. By correlating the MS data with the DTA results,
the peak temperatures can be identified. The DTA curve reveals two endothermic reaction
peaks at 246 °C and 356 °C, as well as two exothermic reaction peaks at 263 °C and
330 °C. The DTA peak at 246 °C may suggest that a portion of NazAlHs did not form
Na3zAlHex(OH)x and underwent independent decomposition at this temperature. This is
supported by the fact that, as shown in Figures 4-2 and 4-29, the dehydrogenation reaction
of NazAlHs is endothermic with a first peak temperature around 250 °C, which is close to
the observed 246 °C peak. The peak at 263 °C is likely associated with the exothermic
decomposition of Na3AlHex(OH)x. This is consistent with the findings in Figure 4-22,

which indicates that the first peak temperature for the dehydrogenation reaction of
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ball-milled (10 hours) 1:1 NaAIH4:NaOH is 255 °C and the reaction is exothermic

Between 300-360 °C, there are two peak temperatures. According to the PXD pattern in

Figure 4-35, the main peaks are Na>O, NasAlOs and NaOH. Therefore, the reactions NaH +
Al + 4NaOH = NasAlO4 + 2.5H> and NaH + NaOH = Na;O + H> occur simultaneously
between 300 °C and 360 °C, with peak temperatures at approximately 330 °C and 356 °C,

respectively, based on previous Figure 4-13 for the peak temperature of reaction 9 (316 °C,

exothermic reaction) and peak temperature of dehydrogenation of NaOH-NaH (346-358 °C

endothermic reaction).
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Figure 4-33: TG(red) and DTA(blue) profiles for ball-milled 1:3 NazAlHs:NaOH (2h, 400rpm) on
heating from 35-400 °C at 5 °C min-! under flowing Ar(g).
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Figure 4-34: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for ball-milled 1:3 NazAlHs:NaOH (2h, 400rpm) on heating from 35-400 °C at

5 °C min™! under flowing Ar(g).
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Figure 4-35: PXD pattern of ball-milled 1:3 NasAlHs:NaOH (2h, 400rpm) after heating to 400 °C under
flowing Ar(g) (and cooling to room temperature). (1 represent NaOH; 2 represent Na>O; 3 represent
NasAlOy)

To investigate whether the addition of more NaOH can promote the reaction of Na3AlHs,
Figures 4-36 and 4-37 illustrate the thermal behaviour of the 1:4 Na3AlHs:NaOH mixture
after heating to 400 °C. The reaction is similar to that of the 1:3 Na3;AlHs:NaOH mixture.
However, the number of peaks in the MS analysis decreased from two peaks to a single
broad peak between 300 °C and 400 °C. The possible reason for this observation is that the
addition of more NaOH led to a decrease in the peak temperature of the 1:1 NaH:NaOH
reaction, which forms Na>O. This caused the peak temperatures of the two reactions (NaH
+ Al + 4NaOH = NasAlO4 + 2.5H, and NaH + NaOH = Na;O + H; to become closer,
resulting in a broad peak in the MS plot (Figure 4-39). Additionally, the broad peak
between 300 °C and 400 °C in the MS plot (Figure 4-39) is not smooth, with a noticeable
change in slope. Moreover, the product analysis using PXD (Figure 4-38) confirms that the

products remain unchanged, with Na;O and NasAlO4 being the primary components.
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Figure 4-36: TG(red) and DTA(blue) profiles for ball-milled 1:4 Naz;AlHs:NaOH (2h, 400rpm) on
heating from 35-400 °C at 5 °C min under flowing Ar(g).
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Figure 4-37: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
function of temperature for ball-milled 1:4 NasAlHs:NaOH (2h, 400rpm) on heating from 35-400 °C at

5 °C min™! under flowing Ar(g).
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Figure 4-38: PXD pattern of ball-milled 1:4 NazAlHs:NaOH (2h, 400rpm) after heating to 400 °C under
flowing Ar(g) (and cooling to room temperature). (1 represent NaOH; 2 represent Na>O; 3 represent

NasAlOy)

4.3.6 Synthesis of NasAlO4

In accordance with the methodology described by Barker et al., NasAlO4 was successfully
synthesized by mixing Na,;O and a-Al;O3 in a molar ratio of 5:1 and reacting the mixture at
700 °C for 18 hours.?? To further explore alternative synthetic routes for NasAlO4 and to
validate the feasibility of Reaction 9, the present study investigates the reaction of NaOH,
Al, and NaH in a molar ratio of 4:1:1. This approach is based on the previously established
mechanism for the hand-mixed NaOH-NaAlH4 system, which suggests that the reaction of
NaOH, Al, and NaH should yield NasAlOx.

After ball milling 4:1:1 NaOH:Al:NaH for 2 hours and heating it to 400 °C, Figures 4-39
and 4-40 show that two thermal events occur with both releasing hydrogen. From the PXD
in Figure 4-41, NasAlO4 and Na;O are observed. The reaction is clearly similar to the
previous ones, but the peak temperatures have decreased significantly. The peak
temperature for NaH + Al + 4NaOH — NasAlO4 + 2.5H; dropped from 325 °C to 304 °C,
and the peak temperature for NaH + NaOH — NayO decreased from 350 °C to 330 °C. As
can be seen from Figure 4-43, the NasAlOs synthesized directly from the 4:1:1
NaOH:Al:NaH mixture is not pure. It contains additional by-products, such as Na;O, and
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some unreacted NaOH. Therefore, further experiments are required to synthesize pure

NasAlO4 by varying the ball-milling conditions or the heating conditions.

—DTA
—— Mass

045 T T T T T T T T
- 100.0
0.0 1
054 - 99.5
£ <
= Logo &
"
< -1.54 =
5 - 98.5
-2.04
- 98.0
25 304.31°C sl
330.91°C
-3.0 — 97.5

L T ' T . T g T i T i T o T T
0 50 100 150 200 250 300 350 400 450
Temperature ('C)

Figure 4-39: TG(red) and DTA(blue) profiles for ball-milled 4:1:1 NaOH:Al:NaH (2h, 400rpm) on
heating from 35-400 °C at 5 °C min"' under flowing Ar(g).
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Figure 4-40: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a

function of temperature for ball-milled 4:1:1 NaOH:Al:NaH (2h, 400rpm) on heating from 35-400 °C
at 5 °C min™! under flowing Ar(g).
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Figure 4-41: PXD patterns of ball-milled 4:1:1 NaOH:Al:NaH (2h, 400rpm) after heating to 400 °C
under flowing Ar(g). (and cooling to room temperature). (1 represent NasAlO4; 2 represent Na,O; 3

represent Al; 4 represent NaOH)

4.4 Conclusion

The addition of NaOH to NaAlHs via manual mixing significantly alters the
dehydrogenation behaviour of NaAlHs. PXD analysis confirms the formation of
intermediate products, leading to the proposed reactions (Reaction 7, 8, and 9). Specifically,
the first step (Reaction 7) and the second step (Reaction 8) of the dehydrogenation process
exhibit a substantial reduction in activation energy upon the addition of NaOH, with
further decreases observed when higher amounts of NaOH are introduced. Notably, the
first step of the dehydrogenation reaction transitions from an exothermic to an endothermic
process with the addition of NaOH. When even more NaOH is added (e.g., in a 1:4
NaAlH4:NaOH ratio), the second step of the dehydrogenation reaction also shifts from
exothermic to endothermic. The newly proposed third step (Reaction 9) remains
exothermic. During ball-milling of NaAlHs with NaOH (2 hours, 400 rpm), an
intermediate phase of Na3AlHe¢x(OH)x is formed, as evidenced by PXD. With increased
amounts of NaOH, this intermediate decomposes directly into NaH, NaOH, and Al
Subsequently, the reactions NaH + Al + 4NaOH — NasAlO4 + 2.5H; and NaH + NaOH —
Na>O + H> occur within the temperature range of 300-400 °C. Thus, NaOH functions as a
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reactive additive in the NaAlH4 system, modifying the reaction pathways of all steps and
facilitating the transition from endothermic to exothermic processes. A NaOH content of

20 - 30 wt.% is required to effectively promote the dehydrogenation of NaAIHa.

The 1:1 NazAlHe:NaOH ratio, corresponding to the original 1:0.33 NaAlH4:NaOH ratio,
demonstrated that a small amount of NaOH can alter the reaction pathway of Na3AIH6,
leading to the formation of Na3AlHs.x(OH)x. However, unlike the behaviour observed in
the 1:1 NaAlH4:NaOH mixture, the NaOH phase did not disappear even after prolonged
ball milling, suggesting that Na3AlHs reacts directly with NaOH to form Na3;AlHs.x(OH)x
without decomposing into NasAlHe first. The 1:3 and 1:4 Nas;AlHes:NaOH ratios,
corresponding to the original 1:1 and 1:1.33 NaAlH4:NaOH ratios, respectively, showed
that increasing the amount of NaOH did not lead to further decomposition of
NaszAlHex(OH)x. Instead, the presence of excess NaOH facilitated simultaneous reactions
between NaH, Al, and NaOH, forming Na;O and NasAlO4. The thermal analysis of the
ball-milled 1:3 Na3AlH¢:NaOH mixture revealed multiple thermal events within the
240-400 °C range, with distinct peaks corresponding to the decomposition of Na3;AlHs,
NazAlHex(OH)x, and the formation of Na>O and NasAlOs. The addition of more NaOH in
the 1:4 Na3AlHe:NaOH mixture led to a broadening of the MS peaks between 300 °C and
400 °C, indicating that the peak temperatures of the reactions involving NaH and NaOH
became closer. This suggests that the excess NaOH lowers the reaction temperature for the

formation of Na>O, causing the overlapping of reaction peaks.

Although NasAlO4 can be synthesized from NaOH, Al, and NaH according to reaction 9
under heating conditions, the resulting product is not pure, with the presence of NaxO.
Further experiments are required to attempt the synthesis of pure NasAlO4. For instance,
the temperature could be controlled at 300 °C and maintained for 1 hour. The synthesis of

a significant amount of NasAlO4 could then be monitored using PXD.

There are still many limitations in the experiments of this chapter. For example, it is
possible that Al cannot be removed from the ball-milling jar due to cold welding, but this
cannot be proven. The solution is to change the type of ball-milling jar, such as replacing
the stainless steel jar with an agate jar, to prevent Al from adhering to the walls of the jar.
Secondly, the exact composition of the intermediate NazAlHex(OH)x remains
undetermined. This can be addressed by adding different molar ratios of NaAlH4:NaOH
into the ball-milling jar and using mild conditions, such as 1:2-2.5 NaAlH4:NaOH at
200-300 rpm with prolonged ball-milling duration, to synthesize the intermediate
NazAlHex(OH)x. The specific content of Na3AlHex(OH)x can then be determined by

monitoring the amount of NaOH.
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5. Dehydrogenation in the NaBH4-NaOH system

5.1 Introduction

5.1.1 Sodium borohydride (NaBHy) as a solid-state hydrogen store

NaBH4 (sodium borohydride) is a hydride with a high theoretical gravimetric hydrogen
content of 10.8 wt.%. Due to its solid state at room temperature and its high chemical
stability, it is considered a promising solid-state hydrogen storage material.! Sodium
borohydride has a molar mass of 37.83 g mol™!' and is an inorganic salt composed of Na*
cations and BH4™ anions.> The BH4~ anion adopts a tetrahedral structure with an sp?
hybridized boron atom at the centre of the tetrahedron.>* It crystallises in cubic space
group, Fm-3m. The B-H bond in NaBH4 can be cleaved by both hydrolysis and thermolysis
to release pure hydrogen gas. Practically, carbon- and nitrogen-free NaBHy4 is low-cost, and
does not produce harmful gas-phase contaminants, such as CO and NHs, during
decomposition, which are known to be detrimental to fuel cells.>® The thermal
decomposition and hydrolytic decomposition reactions of NaBH4 can be described by

reactions 1 and 2, respectively.
Thermolysis: NaBHs — Na + B + 2H2t  (10.68 wt.%) (1)
Hydrolysis: NaBH4 + 2H,0 — NaBO; + 4H>1 (10.94 wt.%) (2)

However, the high decomposition temperature of NaBHs (>500°C) limits its practical
application. In recent years, researchers have explored various methods to lower its
decomposition temperature and improve hydrogen storage performance, achieving

significant progress.’

The NaBH4-MgH: system has attracted widespread attention due to its relatively low cost
and high hydrogen storage capacity. Studies have shown that when NaBH4 is mixed with
MgH: in a 2:1 molar ratio, the decomposition of MgH: occurs before NaBH4, and NaBH4
decomposes at ca. 450 °C, forming MgB: and NaH while releasing hydrogen. This process
significantly lowers the decomposition temperature of NaBHa4, but it is still relatively

high.® The reaction is shown below:
2NaBH4 + MgH> = 2NaBH4 + Mg + H> 3)
ONaBHs + Mg = 2NaH + MgB, +4H,  (4)

To further reduce the dehydrogenation temperature of the NaBH4-MgH, system and
enhance hydrogen storage performance, Mao et al. attempted to add various catalysts. TiF3
was found to be an effective catalyst, significantly lowering the dehydrogenation
temperature from 450 °C to 320 °C and increasing the dehydrogenation rate.” Moreover,
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the TiF3-doped NaBH4-MgH» system was able to absorb 5.89 wt.% hydrogen within 12
hours at 600 °C and 4 MPa H», showing good reversibility.

Using coupled calorimetric-pressure measurement techniques, Milanese et al. found that
the dehydrogenation enthalpy of the NaBH4-MgH> system with a 2:1 molar ratio was 90.9
kJ mol™! Hz, lower than that of pure NaBH4 (106.8 kJ mol™!' Hz), indicating that the presence
of MgH> significantly reduced the dehydrogenation enthalpy of NaBH4.!° Additionally,
using MgF» as an additive not only lowered the dehydrogenation temperature and enthalpy

of NaBHj in the 2:1 system but also increased the dehydrogenation rate.

Kumar et al. studied the catalytic effect of ZrCls on the thermal decomposition of NaBHa.
The results showed that ZrCly significantly lowered the decomposition temperature of
NaBHa4, allowing hydrogen to be released below 300 °C.!! Furthermore, during ball milling,
ZrCls was reduced to ZrCl, and metallic zirconium, which exhibited high catalytic activity
and reduced the activation energy of NaBH4 (from 275 kJ mol! to 180 kJ mol!), thus

reducing sodium evaporation losses.

Mao et al. synthesized NaBHs-N2Hs4 and NaBH4-2N2Hs4 by complexing NaBHs with
hydrazine (N2Hs4). The studies showed that these complexes could release hydrogen at
relatively low temperatures (around 50 °C), and the decomposition products contained a
large amount of hydrogen and nitrogen, and small amount of ammonia. The structure and
decomposition behaviour of these complexes offer new insights for designing novel

hydrogen storage materials.!?

Shin et al. investigated the complex of NaBH4 with oxalic acid dihydrate (OA-2H-0) and
achieved rapid pure hydrogen generation at 50 °C through a thermally induced dry
hydrolysis reaction.!3 This method does not require additional solvents and utilizes the
water molecules generated from the decomposition of OA:2H:O to hydrolyze NaBHa,

offering a highly efficient and safe approach. The total reaction is shown below:
NaBH4 + 2H,O — NaBO» + 4H; (5)
5.1.2 Purpose

By applying the insight gained from studying the NaH-NaOH and NaAlH4-NaOH systems
extended to NaBHy4, this chapter aims to change the thermodynamics of dehydrogenation
completely by introducing new reaction pathways by utilizing NaOH. Some methods such
as ball-milling and adding an excess of NaOH would be used to improve the
dehydrogenation reaction between NaBHs4 and NaOH. Investigating the reaction
mechanism between NaBHs and NaOH remains a crucial part of the process towards

optimising the storage system.

172



5.2 Experimental

NaBH4 (Sigma Aldrich, powder, >98%) was used as received. NaOH (Alfa Aesar, pellet,
99.99%) was dried prior to synthesis experiment through use of the Schlenk line. (100 °C;
-2x1072 bar)

Because of the air and moisture sensitivity of NaOH and NaBHs, all operations were
carried out in a recirculating Argon or No-filled (BOC, 99.998%) glovebox (MBraun
LABstar, O; < 10 ppm, H>O < 0.5 ppm). NaOH was ball-milled alone for 1 h to reduce the
particle size of the powder before mixtures of NaOH and NaH were subsequently
themselves milled. NaOH starting material was (re)dried overnight on the Schlenk line
before each subsequent use in synthesis. NaOH (Alfa Aesar, pellet, 99.99%) was
ball-milled for 1 hour to reduce the particle size of the powder. After ball-milling, the
NaOH was sent to Schlenk line to dry overnight. (100 °C; -2x1072 bar)

5.2.1 Milling of NaOH-NaBH4

NaOH and NaBH4 mixtures (each ca. 0.4 g total mass) were weighed and then transferred
to a stainless-steel grinding jar that was filled with eight stainless steel balls (10 mm
diameter), each of which weighed approx. 4 g. The grinding jar was sealed under argon
before removal from the glovebox. Ball milling was conducted at a rotation speed of 400
rpm with a ball-to-powder ratio of 80: 1 in a planetary ball mill (Retsch PM100) in

5-minute milling periods (reverse rotation) followed by 5-minute rest periods.
5.2.2 Powder X-ray Diffraction (PXD)

All starting materials and NaBHs-NaOH hydrogen release systems were characterized
using powder X-ray diffraction (PXD). All the materials used in this study were air
sensitive. Therefore, all the samples were prepared using the air-sensitive sample holder
under inert atmosphere. (glovebox) All the materials were characterized by PANalytical
X’Pert and Rigaku Miniflex. Diffraction data was collected over a 26 range of 5-85° for 1
h to facilitate phase identification. The obtained diffraction data were compared with
appropriate reference patterns using the ICSD database via PowderCell or the ICDD PDF
database via PANalytical HighScore Plus and Jade 6.5 software.!*!> Rietveld refinements
were performed using the General Structure Analysis System (GSAS) with the EXPGUI

interface. !¢
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5.3 Results and Discussion

5.3.1 Thermal Treatment of NaBH,

Figure 5-1 shows a comparison between NaBH4 as received and standard NaBHa. From the
figure, it can be seen that the phase of NaBHj4 as received is pure, with no additional peaks

and all the peaks corresponding correctly.

To investigate whether ball-milled NaBH4 (2 hours, 400 rpm) undergoes an independent
decomposition reaction prior to heating to 400 °C. Figure 5-2 shows the thermal behaviour
of ball-milled (2h) NaBH4 when heated to 400 °C. It can be observed that there are no
distinct peak temperatures, and no mass change occurs. This indicates that the ball-milled

NaBHj4 does not undergo any reactions before 400 °C.

II-Standard NaBH,
I-NaBH, as received

Jo L - JUL W S R

2 Theta (Deg.)

Figure 5-1: PXD patterns of standard NaBHy (II) and ball-milled commercial NaBH;4 (I).
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Figure 5-2: TG (red) and DTA (blue) profiles for ball-milled NaBH4 (2h, 400rpm) on heating from
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room temperature to 400 °C at 2 °C min™' under flowing Ar(g).
5.3.2 Mechanism of Ball-milled NaBH4+-xNaOH (x =1, 2, 3, 4)

Figures 5-3 and 5-4 show the thermal behaviour of a 1:1 mixture of NaBH4-NaOH after
ball milling for 2h. By contrast to NaBHy4 itself, it is evident that the NaBH4-NaOH mixture
starts releasing hydrogen gas ca. 300 °C and peaks ca. 360 °C. However, the observed
mass loss (2.64 wt.%) is far from the theoretical hydrogen mass loss of 6.4 wt.% if all the
hydrogen element in 1:1 mixture of NaBH4:NaOH was released. The TG curve is not
smooth. The TG curve exhibits fluctuations at ca. 245 °C and 325 °C. The DTA peak at
245 °C is not accompanied by any mass loss in the TG curve without hydrogen evolution.
This suggests that the peak may be analogous to the first peak temperature (175 °C)
observed for the NaH-NaOH system in Chapter 3, which is indicative of the formation of a
solid solution or intermediate. However, the subsequent decrease and sudden increase in
the TG curve are highly unusual. One possible explanation is that the formation of the solid
solution or intermediate may have led to a volumetric expansion, causing a small portion of
the product to leak out of the crucible. This is supported by the overall downward trend in
the TG curve following the fluctuations. The fluctuations at 325 °C may be attributed to
the simultaneous occurrence of multiple reactions. This is also evident from the MS data

(Figure 5-4), which shows two distinct fluctuations between 300 and 360 °C.
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Figure 5-3: TG (red) and DTA (blue) profiles for ball-milled 1:1 NaBH4:NaOH (2h, 400rpm) on heating
from 35-400 °C at 2 °C min"! under flowing Ar(g).
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Figure 5-4: Mass spectrometry output for water (m/z = 18; blue) and hydrogen (m/z = 2; red) as a
function of temperature for ball-milled 1:1 NaBH4:NaOH (2h, 400rpm) on heating from 35-400 °C at
2 °C min™! under flowing Ar(g).

To investigate the thermal reaction mechanism of NaBHs-NaOH, it is essential to start with
the samples after ball milling and before thermal treatment. Figure 5-5 shows the PXD
patterns of NaBH4 with different molar ratios of NaOH after ball milling. It can be seen
that, similar to NaAlH4 in previous Figure 4-18, NaBH4 reacts with NaOH during ball
milling. However, unlike the NaAlH4+-NaOH system, several peaks at 36° in the diffraction
pattern of the post-milled sample cannot be matched to patterns in the ICDD PDF using the
search-match software. A key difference is that while NaAlH4-NaOH generates hydrogen
gas during ball milling, NaBH4-NaOH does not. This can be inferred from the change in
oxygen levels in the glove box. When NaAIH4-NaOH sample’s milling jar enters the glove
box, the oxygen level suddenly increases sharply, but after some time, it dramatically
decreases. This is a clear deviation from the normal oxygen intake phenomenon in the
glove box. Upon the introduction of O into the glove box, the oxygen level experiences a
sharp and sudden increase, followed by a gradual decline, even that may need regeneration.
After ruling out the possibility of O> contamination, the likelihood of H» generation from
the ball milling of NaAlH4 and NaOH becomes highly possible. In contrast, the ball
milling of NaBH4 and NaOH does not cause any significant changes in the O, and H>O
levels within the glove box. This observation indicates that the hydrogen element in

NaBH4 and NaOH does not evolve as H» gas under these conditions.

From Figure 5-5, it can be seen that after 2 hours of ball milling, the NaOH peak in the
diffraction pattern for the 1:1 NaBH4:NaOH sample completely disappears, whereas NaOH
peaks are visible in the 1:2 NaBH4:NaOH sample. The relative intensity of the NaOH
phase gradually increases from the 1:2 NaBH4:NaOH to the 1:4 NaBH4:NaOH molar ratio.
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Moreover, all samples exhibit the formation of a new intermediate phase (Na-B-O-H)

within the angular range of 36° to 40°.

To investigate whether NaBH4 and NaOH react completely, the 1:3 NaBH4:NaOH mixture
was ball milled for 4 hours and 10 hours, and the 1:4 NaBHs:NaOH mixture was ball
milled for 10 hours. As shown in Figure 5-6, after ball milling the 1:3 NaBH4:NaOH
mixture for both 4 and 10 hours, only a minor fraction of NaBH4 remains in the samples.
Compared to the 1:3 NaBH4:NaOH mixture ball milled for 2 hours, the NaOH phase is
completely absent, and the relative intensity of the NaBH4 phase is significantly reduced.
This indicates that both NaBH4 and NaOH are consumed, leading to the formation of a
new intermediate phase (Na-B-O-H). However, it is noteworthy that the 1:3 NaBH4:NaOH
mixture ball milled for 10 hours exhibits substantial differences compared to the 4-hour
milled sample. One possible explanation is that after forming the (Na-B-O-H) intermediate
with NaOH, NaBH4 undergoes further phase transformations under the mechanical action
of ball milling. In contrast, for the 1:4 NaBH4:NaOH mixture ball milled for 10 hours, the
peaks corresponding to NaBH4 and NaOH are completely absent.
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Figure 5-5: PXD patterns of ball-milled NaBH4:NaOH (2h, 400rpm) with varing molar ratio (1:1 I 1:2
II; 1:3 IIT; 1:4 IV). (1 represent NaBHy, 2 represent NaOH)
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Figure 5-6: PXD patterns of ball-milled 1:4 NaBH4:NaOH (10h; III) and 1:3 NaBH4:NaOH(4h, I; 10h,
).

Figures 5-7 and 5-8 display the thermal behaviour of 1:2 NaBH4:NaOH, 1:3 NaBH4:NaOH,
and 1:4 NaBH4:NaOH after ball-milling for 2h and heating to 400 °C. The TG curves for
1:2 NaBH4:NaOH and 1:3 NaBH4:NaOH both show a fluctuating segment around 325 °C,
but this is not as apparent in NaBH4-4NaOH. The first DTA peak temperature for both 1:1
NaBH4:NaOH and 1:2 NaBH4:NaOH occurs at ca. 240 °C. However, apparently uniquely
for 1:3 NaBH4:NaOH, two DTA peaks appear between 240-250 °C, whereas 1:4
NaBH4:NaOH presents a single peak at ca. 250 °C. It seems that 2 reactions occur (from
240-250 °C) that change in emphasis as the NaOH ratio increases; the lower T reaction
predominates for the 1:2, both exist in the 1:3 with the higher T peak now more intense,
and the higher T one hugely predominates in 1:4. Thus, both thermal events happen in each
sample, but the reaction pathways diverge with varying ratio. Furthermore, the second peak
temperature for 1:1 NaBH4:NaOH and 1:2 NaBH4:NaOH occurs around 370 °C, with the
MS peak at 360 °C. However, for 1:3 NaBH4:NaOH and 1:4 NaBH4:NaOH, the second
peak temperature shifts to around 380 °C, and the MS peak occurs at 370 °C. In conclusion,
NaBHj4 with different mole ratios of NaOH undergoes a complex series of reactions, which

will need to be further clarified through the PXD analysis in the next steps.
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Figure 5-8: Mass spectrometry output for water (m/z = 18; blue) and hydrogen (m/z = 2; red) as a
function of temperature for ball-milled NaBH4s:NaOH (2h, 400rpm) with varying molar ratio (a)l:2
NaBH4:NaOH (b)1:3 NaBH4:NaOH (c¢)1:4 NaBH4:NaOH on heating from 35-400 °C at 2 °C min"!
under flowing Ar(g).

To investigate the potential reactions between NaBHs and NaOH, mixtures with molar
ratios of 1:3 and 1:4 (NaBH4:NaOH) were heated to various temperatures and subsequently
analysed using PXD. However, regardless of the NaBH4:NaOH molar ratio, no diffraction
peaks can be identified from room temperature to 300 °C when compared to the ICDD
PDF. Therefore, the primary focus is on the peaks displayed by 1:3 NaBH4:NaOH and 1:4
NaBH4:NaOH at 400 °C.

Figure 5-9 shows that peaks in the diffraction patterns of 1:3 NaBH4+:NaOH remain
unidentifiable at 300 °C. However, between 400-500 °C, a notable feature of the patterns is
that there are no significant changes to the phase positions present, indicating that most
reactions are completed ca. 400 °C. However, Figure 5-10 shows that at 400 °C, 1:3
NaBH4:NaOH generates a large amount of Na3BOs, a small amount of Na and NaOH.
Figure 5-11 shows that 1:4 NaBH4:NaOH at 400 °C generates a large amount of Na;BOs3, a
moderate amount of Na>O, and contains a small amount of NaOH. The presence of Na,
Na;0, and NaOH in 1:3 NaBH4:NaOH and 1:4 NaBH4:NaOH suggests that NaH may be
one of product of the dehydrogenation reaction of an intermediate or multiple
intermediates. The possible reason is that the initial decomposition temperature of NaH in
chapter 3 Figure 3-7 is close to 325 °C, which coincides with the temperature where
fluctuations were observed in the TG curves of 1:1 NaBH4:NaOH, 1:2 NaBH4:NaOH and
1:3 NaBH4:NaOH. Moreover, the additional NaOH in 1:4 NaBH4:NaOH could react with
NaH to form NaxO. To verify this hypothesis, 1:4 NaBH4:NaOH was heated to 320 °C and
maintained at 320 °C for 1 hour. As shown in Figure 5-12, a small amount of Na;BO3 and
NaH were formed under these conditions. Therefore, we can tentatively propose an outline

reaction scheme for 1:3 NaBH4NaOH and 1:4 NaBH4:NaOH (principally between
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300-400 °C):

NaBH4-3NaOH:

NaBH;4 + 3NaOH — “(Na-B-O-H) intermediate(s)” ball-milling (6)
“(Na-B-O-H) intermediate(s)” — NazBOsz + NaH + 3H, T =300 - 400 °C (7)
Na3;BOs; + NaH + 3H> — Na;BOs; + Na+3.5H, T =325-400°C (8)

(NaH - Na+H, T>325)

NaBH4-4NaOH:

NaBH4 + 4NaOH — “(Na-B-O-H) intermediate(s)” ball-milling )
“(Na-B-O-H) intermediate(s)” — NazBOsz + NaH + NaOH + 3H, T =300 -400 °C (10)

Na3;BOs + NaH + NaOH + 3H; — Na3;BO3 + Na,O +4H, T =325-400 °C (11)
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Figure 5-9: PXD patterns of ball-milled 1:3 NaBH4:NaOH (2h, 400rpm) after heating to 300 (I), 400
(ID), 430 (ITIT1) and 500 (IV) °C under flowing Ar(g). (and cooling to room temperature)
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Figure 5-10: PXD pattern of ball-milled 1:3 NaBH4:NaOH (2h, 400rpm) after heating to 400 °C (and

cooling to room temperature). (1 represent Na;BOs; 2 represent Na; 3 represent NaOH)
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Figure 5-11: PXD pattern of ball-milled 1:4 NaBH4+:NaOH (2h, 400rpm) after heating to 400 °C(and

cooling to room temperature). (1 represent Na;BQOs; 2 represent Na,O; 3 represent NaOH)
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Figure 5-12:PXD pattern of ball-milled 1:4 NaBH4+:NaOH (2h, 400rpm) after heating to 320 °C and
keeping for 1h (cooling to room temperature). (1 represent NaH; 2 represent Na;BOs; 3 represent
NaOH)

The proposed reaction pathway for the 1:3 NaBH4:NaOH mixture is summarized by the

following overall reaction:
NaBH4 + 3NaOH — NazBOs; + Na + 3.5H> (11)

The theoretical mass loss for the reaction is 4.41 wt.%. Prior to 300 °C, only phase
transitions of (Na-B-O-H) intermediates occur. At ca. 310 °C, these intermediates begin to
react to form Na;BOs and NaH, with concurrent hydrogen gas evolution, although at a
slow reaction rate. As shown in Figure 5-12, when the sample is held at 320 °C for 1 hour,
the relative intensities of the final products NaH and Na3;BO; are not significant. The
reaction rate increases markedly only when the temperature is raised to around 350 °C.
Meanwhile, NaH begins to decompose at approximately 325 °C. These two reactions
proceed simultaneously between 325 °C and 400 °C. For the 1:4 NaBH4:NaOH sample, the
theoretical mass loss is 4.04 wt.%. The NaH formed around 310°C may potentially react
with NaOH to produce Na>O. However, as indicated in Figure 5-7, the mass losses of both

products did not reach the expected values.

To verify the proposed reaction pathways, the thermal treatment of the 1:3 NaBH4:NaOH
and 1:4 NaBH4:NaOH mixtures was conducted multiple times, heating the samples to

temperatures above 400 °C to assess whether the theoretical mass loss could be achieved.
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However, the hydrogen mass loss in the experiments never reaches the ideal value,

regardless of the number of trials. Figures 5-13 and 5-14 show the TG-DTA results for 1:3

NaBH4:NaOH and 1:4 NaBH4:NaOH heated to different temperatures with the 2 °C min'.

It can be observed that the mass loss over 300-400 °C differs each time when heating to

different temperature. A further interesting observation is shown in Figure 5-15. It can be

seen that the thermocouple, originally white, turns grey-black after heating the 1:x

NaBH4:NaOH mixtures. It was noted that the grey-black colouration of the thermocouple

also occurs when either NaH or NaAlH4-NaOH samples are heated. The most likely

substance causing this change is Na, as its melting point is quite low, around 97 °C.

Evidently, Na may leak out of the crucible during heating. This can lead to inaccuracies in

the mass loss calculations because it is impossible to determine precisely what proportion

of Na escapes from the crucible and how much remains.
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Figure 5-13: TG(red) and DTA(blue) profiles for ball-milled 1:3 NaBH4:NaOH (2h, 400rpm) on heating

from room temperature to different temperature.
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Thermocouple
became dark grey

Figure 5-15: Photographs showing the appearance of the TG-DTA thermobalance crucible and
thermocouple after heating. (1:1 NaBH4:NaOH, 1:2 NaBH4:NaOH and 1:3 NaBH4:NaOH)

To investigate the potential changes that (Na-B-O-H) intermediates may undergo between
300 °C and 400 °C, the 1:4 NaBH4:NaOH mixture was heated to 300 °C, 340 °C, 360 °C,
and 400 °C. After cooling, the samples were analysed using Raman spectroscopy. As
shown in Raman Figure 5-16, several peaks were observed, among which the peaks at
3610, 2438, 2299, and 741 cm™ are particularly noteworthy due to their changes.
According to Walrafen et al., the Raman of the hydroxyl group (-OH) indicates that the
symmetric stretching vibration of hydroxide ions (OH") appears at approximately 3620
cm™! in highly concentrated aqueous solutions and at around 3610 cm™ in molten NaOH,
with significant low-frequency asymmetry.!” Trudel et al. investigated the Raman of
ammonia borane (NH3BH3) compounds under high pressure. At zero pressure, the B-H
stretching vibrational mode (v2) of ammonia borane (NH3BH3) exhibits a Raman frequency
of approximately 2340 cm™'.!® Hagemann et al. measured the Raman spectra of the alkali
borohydride series MBH4 (M = Li, Na, K, Rb, Cs) as a function of temperature in the range
of 27-270 °C. The symmetric (vi) B-H stretching vibrations are generally observed in the
range of 2200-2300 cm™!, while the asymmetric (v3) stretching vibrations typically appear
between 2350 and 2450 cm.!2° Nakamoto et al. reported that the v4 bending vibration of
the [BO3]* ion generally falls within the range of 700-750 ¢m™!.2°

Based on the previous information, when the temperature is raised to 300 °C, both B-H
bonds and -OH bonds are present within the (Na-B-O-H) intermediates. Upon heating to
340 °C, the peak corresponding to the [BOs]*- ion begins to emerge, indicating the
formation of NazBOs. When the temperature reaches 360 °C, the vibrational mode of the
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B-H bond transitions from symmetric to asymmetric, suggesting that the intermediates
start to decompose significantly. However, it is possible that the peak of the -OH bond
disappears at this temperature. When the temperature is further increased to 400 °C, the
peak of the B-H bond completely vanishes, indicating that the reaction has proceeded to
completion. Meanwhile, the peak of the -OH bond reappears. In conjunction with the
disappearance of the -OH bond peak at 360 °C, it is likely that NaH reacts with NaOH,
consuming the -OH groups. Subsequently, as the intermediates continue to decompose,

additional NaOH is generated.

a - NaBH, as received
b - NaBH,-NaOH after heating to 300 °C
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Figure 5-16: Raman patterns of ball-milled 1:4 NaBH4:NaOH after heating to 300 °C, 340 °C, 360 °C
and 400 °C.

5.4 Conclusion

The reaction between NaBH4 and NaOH produces Na-B-O-H intermediates. When
ball-milled for 10 hours, the 1:4 NaBH4:4NaOH mixture can be completely converted into
Na-B-O-H intermediates. Prior to heating to 300°C, these intermediates undergo a phase
change at 240 °C-250 °C, and the nature of this phase change varies depending on the
molar ratio of NaOH added. For instance, ball-milled (2h) 1:3 NaBH4:NaOH yields
Na3;BO;, Na, NaOH, and H: when heated to 400°C, while ball-milled (2h) 1:4
NaBH4:NaOH produces Na3;BO3, Na:O, NaOH, and H; under the same conditions. The
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presence of NaH in the PXD pattern of ball-milled (2h) 1:4 NaBH4:NaOH heated to 320°C
and held for 1 hour suggests a reaction scheme between 300 °C and 400 °C (as shown in
reactions 6 to 11). Although the theoretical mass loss could not be accurately verified due
to Na leakage from the crucible (indicated by the colour change of the thermocouple in
STA from white to gray-black), the functional group data obtained from Raman
spectroscopy of the 1:4 NaBH4:4NaOH samples heated between 300 °C and 400 °C

support the correctness of reactions 6 to 11.
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6. Dehydrogenation of Ca;sMgs;H4-NaH

6.1 Introduction

6.1.1 Ternary Hydrides of the s-block Metals

Ternary hydrides of the s-block metals have attracted significant research interest in the
fields of hydrogen storage and functional materials due to their structural diversity.!* These
compounds typically consist of one s-block metal (e.g., Li, Na, Mg, Ca), one d- or f-block
metal (e.g., Al, Ti, Fe, Ni, La), and hydrogen. They often adopt complex hydride structures
characterized by hydrogen atoms coordinated in octahedral or tetrahedral geometries,
forming stable three-dimensional crystalline networks via ionic and partially covalent
bonding.>* It has been reported that reducing particle size to the nanoscale can significantly
improve both the thermodynamics and kinetics of hydrogen absorption and desorption.>¢
Among these, ternary hydrides based on MgH> and CaH; are of particular importance in
the development of advanced hydrogen storage materials, offering a valuable platform for

tuning hydrogen release temperatures and enhancing reaction reversibility.

Among various hydrogen storage systems, magnesium-based hydrides have attracted
considerable attention due to their high theoretical hydrogen capacity (up to 7.6 wt.%),
abundant availability, low cost, and environmental benignity.”® However, pure MgH>
suffers from high dehydrogenation temperatures (typically exceeding 300 °C) and slow
hydrogen sorption kinetics, which severely limit its practical application.>!° To overcome
these limitations, researchers have developed ternary magnesium-based hydride systems by
incorporating transition metals or other metal hydrides (such as Ti, Ni, Fe, Y, etc.) into
MgH>, forming solid solutions, intermetallic compounds, or complex hydrides with
enhanced hydrogen storage properties. According to Chaudary et al.’s study, Mg>FeHs is a
low-cost, high-capacity cubic ternary hydride (5.47 wt.% Hz, 150 kg/m?®), consisting of
[FeHs]* octahedra coordinated with Mg?* cations.!! It demonstrates reversible cycling over
500 times and an enthalpy of formation between 77-98 kJ mol' H,. The deuterated
analogue, Mg>FeDs, exhibits a dehydrogenation onset at 250 °C, significantly lower than
that of MgD> (>400 °C), indicating improved thermodynamics. In Alaoui-Belghiti et al.’s
work, Mg>NiH4 shows a hydrogen capacity of 3.6 wt.% and a formation enthalpy of
approximately -72 kJ mol! H, corresponding to an equilibrium decomposition
temperature of 283 °C.'? Remarkably, applying uniaxial or biaxial compressive strain can
lower the decomposition temperature to as low as -13 to 199 °C and reduce the hydrogen
diffusion activation energy to 0.38 eV, while enhancing the ionic conductivity up to 25.5 S

m'. These strain-induced effects enable rapid hydrogen release near ambient conditions,
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making Mg>NiHs a promising candidate for strain-tunable hydrogen storage systems.
Belkoufa et al.’s study systematically investigated MgxCoHs under various strain
conditions.!® In its unstrained state, Mg>CoHs exhibits a high formation enthalpy of -94.95
kJ mol! H> and a decomposition temperature of 457 °C, which is far above the practical
threshold. However, under -9% triaxial compressive strain, the formation enthalpy
significantly decreases to -40.01 kJ/mol Hz, with the decomposition temperature dropping
dramatically to 34 °C, indicating substantial tunability of thermodynamic properties via
lattice strain. According to Crivello et al.’s research, Nb,Os-catalyzed ball-milled Mg-Al
alloys show improved hydrogen storage performance by splitting the traditional single-step
hydrogenation/dehydrogenation of MgH, into one to three reversible steps.'* This
modification enables the release of up to 4.7 wt.% H> at 250 °C, compared to 290 °C for
pure MgH,. Additionally, the reaction enthalpy of each step is reduced from -76.5 to -68.2
kJ mol! Hy, indicating decreased thermodynamic stability and more favourable hydrogen
release kinetics. These findings underscore the significance of structural engineering, strain
modulation, and catalytic enhancement in tailoring the performance of ternary Mg-based

hydrides for efficient hydrogen storage.

Compared to the extensively studied magnesium-based hydrides, calcium-based hydrides
have received relatively limited attention. Nevertheless, calcium, as a lightweight
alkaline-earth metal, is abundant and inexpensive, making it a promising candidate for
hydrogen storage applications. The primary challenges in developing calcium hydride
(CaH») for solid-state hydrogen storage lie in its high thermodynamic stability and the
higher molar mass of calcium compared to magnesium, which results in a reduced
gravimetric hydrogen capacity. Recent investigations have primarily focused on theoretical
evaluations of CaH; and related calcium-based compounds to assess their hydrogen storage
potential.!>1!7 According to Surucu et al.’s study, a systematic investigation was
conducted on CaXH3; (X = Mn, Fe, Co), a series of perovskite-type calcium-based
hydrides.'® These compounds crystallize in a cubic Pm-3m structure, with lattice constants
decreasing from 3.60 A to 3.48 A as the atomic number of X increases. The negative
formation enthalpies indicate good thermodynamic stability, and these hydrides are
considered experimentally synthesizable. Their hydrogen storage capacities, ranging from
2.97 to 3.09 wt.%, exceed those of most other ABHs-type hydrides, highlighting their
potential for further development. In a separate study by Graetz, Ca(AlH4)2, a
non-reversible calcium-aluminium hydride, was reported to exhibit a high theoretical
hydrogen content.! However, hydrogen release occurs only at elevated temperatures
(400-440 °C). This compound was first synthesized via reaction of CaBs or CaH, with
hydrogen gas at 700 bar and 400-440 °C, but its direct regeneration remains challenging.
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Despite its irreversible nature, Ca(AlH4)> is considered a kinetically stabilized hydride,
owing to its low decomposition enthalpy and rapid hydrogen release at lower temperatures,
offering promise for niche hydrogen storage applications where fast desorption kinetics are

critical.

The ternary hydrides CasMgs;H(D)14 and CaioMgsH(D)ss have been synthesized using
high-pressure, high-temperature methods.?>?! The former, first reported by Gingl et al.,
was obtained after six days in an autoclave at 410 °C under 53 bar of hydrogen pressure,
while its deuteride required more extreme conditions 465 °C under 95 bar D, over seven
days. The final hydride contained CaH,, MgH>, and unreacted Mg.??> Bertheville and Yvon
later characterized another ternary Ca-Mg hydride, CaiosMgsH(D)s4, which was found to be
isostructural to YbioMgsDss.2* This compound was synthesized by pressing CaH, and
MgH: in a 2:1 molar ratio into pellets, followed by reaction in a multi-anvil pressure cell
for three hours. Such methods are commonly employed for synthesizing ternary and
quaternary hydrides. The final product included a cubic ternary phase along with CaHa, a-
and y-MgH>, and MgO impurities. Sartori et al. utilized ball milling in their research on
mixed hydride systems, where CasMgzHi4 and Caij9MggHss were observed, though not as
single-phase materials.>* According to Ma et al.’s study, the hydrogen storage and
generation properties of CaMg»-based alloys were systematically investigated, with a
particular focus on the effect of nickel (Ni) addition on the alloy's performance.?> The
results revealed that the pristine CaMg, alloy is unable to absorb hydrogen at room
temperature but can absorb up to 4.48 wt.% Hz at 300 °C, forming CasMgs;H14 and MgH>
as the main hydride phases. Upon partial substitution of magnesium with nickel, the
resulting CaMg;oNio.1 alloy exhibits hydrogen absorption capability at room temperature,
achieving a maximum hydrogen capacity of 5.65 wt.%. Furthermore, the apparent
activation energy for the hydrogenation reaction is significantly reduced to 41.74  kJ
mol”!, which is notably lower than that of pure MgH, and Mg>Ni, indicating enhanced

kinetics and improved hydrogen storage behaviour induced by Ni doping.
6.1.2 Purpose

This chapter is based on Morris’s and Reardon’s work.?%?” They describes the synthesis of
nanoscale ternary hydrides (CaioMgsHss4) by using ball-milling. Upon heating to specific
temperature (350 °C), nanoscale ternary hydrides such as CajoMgsHss4 are converted to
CasMgsHis. The objective of this chapter is to enhance the hydrogen storage properties of
CasMgsHi4, specifically its hydrogen capacity and dehydrogenation temperature, by
incorporating NaH. This study aims to compare the performance of CasMg3H 14 doped with
NaH to that of pure CasMgsHi4 in order to analyse the potential role of NaH. The
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dehydrogenation reactions and the resulting products are analysed using techniques such as

PXD and TG-DTA.

6.2 Experimental

MgH, (Alfa Aesar, 98%), NaH (Sigma Aldrich, dry, 90%) and CaH, (Sigma Aldrich,

reagent grade, 95%) was used as received.

Because of the air and moisture sensitivity of NaH, MgH> and CaHo, all operations were
carried out in a recirculating Argon or N»-filled (BOC, 99.998%) glovebox (MBraun
LABstar, O, < 10 ppm, H>O < 0.5 ppm).

6.2.1 Mechanochemical synthesis of CajoMgsHsy, CasMgzHis and
compositions in the CasMgs;H14 - NaH system

To synthesise the CaiosMgsHs4, mixtures of 1:1 CaH2:MgHb (ca. 0.4 g total) were weighed
and then transferred to a stainless-steel grinding jar that was filled with eight stainless steel
balls (10 mm diameter), each of which weighed about 4 g. The grinding jar was sealed
under argon before removal from the glovebox. Ball milling was conducted for 10h at a
rotation speed of 500 rpm with a ball-to-powder ratio of 80:1 in a planetary ball mill
(Retsch PM100) in 5-minute milling periods (reverse rotation) followed by 2-minute rest

periods.
6.2.2 Powder X-ray Diffraction (PXD)

All starting materials and samples in the Na-Ca-Mg-H hydrogen release system were
characterized using powder X-ray diffraction (PXD). All the materials used in this study
were air-sensitive. Therefore, all the samples were prepared using the air-sensitive sample
holder under inert atmosphere.(glovebox) All the materials were characterized by
PANalytical X Pert and Rigaku Miniflex. Diffraction data was collected over a 20 range of
5-85° for 1 h to facilitate phase identification.

The obtained diffraction data were compared with appropriate reference patterns using the
ICSD database via PowderCell or the ICDD PDF database via PANalytical HighScore Plus
and Jade 6.5 software.?®? Rietveld refinements were performed using the General

Structure Analysis System (GSAS) with the EXPGUI interface.*°
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6.3 Results and Discussion

6.3.1 Synthesis of Ca;oMgsHss and CasMg3H 4

MgH> and CaH> was characterized by PXD and compared to the ICSD database and both
of the starting materials were phase-pure.(Appendix A6-1 and A6-2) According to the
method employed by Reardon’s article milling conditions of 10 h milling time and 500
rpm rotation speed were employed with 5 min run and 2 min rest periods.?’” A 1:1
MgH>:CaH> molar ratio was used to synthesise the CajoMgsHss. The CajoMgsHss was
successfully synthesized as compared with the ICSD database, as shown in Figure 6-1, and

there are no impurity peaks.

[I-Ca,gMggHs, as-synthesis
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Figure 6-1:The PXD pattern of as-synthesised CaisMgsHss4 (10h ball-milling, 500rpm, 5 min run and 2

min rest periods;II) and standard Ca;osMgsHs4(I)

The second step synthesis of CasMgsH4 is to heat CaisMggHs4 to 350 °C (before cooling
to room temperature). This will result in the formation of CasMgsHis. by reference to
Reardon’s thesis since the compositions of the 2 phases are different yet there is no mass
loss/gain on heating and no apparent generation of impurity phases.?’” According to
Reardon’s study, although the milled product has the CajoMgsHss structure, it has a
composition closer to 3:3:14 (or in principle, 3.5:3.5:14 if the 1:1 ratio of the starting
material is retained). Then heating the milled product converts the hydride to the

CasMgsHi4 structure (and the composition - i.e. ratio of Ca:Mg:H - should be unchanged).

194



Figure 6-2 shows the thermal behaviour of CajyMggHss. From the appearance of the TG
profile, there is no change in mass. However, the DTA curve shows many peaks, which

should indicate the phase change from the Cai9yMgsHss structure to the CasMgzHis

structure
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Figure 6-2: TG (red) and DTA (blue) profiles for as-synthesised Ca;sMgsHs4 on heating from 35-350 °C

at 5 °C min™! under flowing Ar(g).

II-Ca,Mg;H,, as-synthesised
[ -Standard Ca,Mg;H,,

Il

2 Theta (Deg.)

Figure 6-3: The PXD pattern of as-synthesised Ca;MgzH14 (I)compared to standard CasMgsH14.(I)

6.3.2 Thermal Treatment of Ca;Mgs;H14
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Figures 6-4 and 6-5 show the thermal behaviour of CasMgzH14 when heated to 500 °C. It
can be observed that CasMg3;H 14 begins to decompose and release hydrogen gas at 362 °C,
and shows a strong endotherm in the DTA trace with a peak temperature at ca. 451 °C.
From the PXD pattern in Figure 6-6, it can be seen that CasMg3zHi4 decomposes into CaH»
and Mg at 450°C. Therefore, the decomposition reaction of CasMgzH14 is shown below:

Ca4Mg3H14 — 4CaH; + 3Mg +3H,; T=360-450 °C

0.3 T T T T T T 103
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Figure 6-4: TG (red) and DTA (blue) profiles for as-synthesised CasMgsH14 on heating from 35-500 °C
at 5 °C min™! under flowing Ar(g).
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Figure 6-5: Mass spectroscopy output for water (m/z = 18) and hydrogen (m/z = 2) as a function of

temperature for as-synthesised Ca;Mgs;H4 on heating from 35-500 °C at 5 °C min™' under flowing

Ar(g).
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Figure 6-6: PXD pattern of as-synthesised CasMgsHy4 after heating to 450 °C (and cooling to room
temperature). (1 represent CaHz; 2 represent Mg; 3 represent CasMgzH14)

6.3.3 Investigations in the CasMgs;H4-NaH system

To confirm if the thermodynamics of dehydrogenation could be changed through
potentially creating alternative reaction pathways, NaH was added to form reactive hydride
composites with CasMgszH1s. Figure 6-7, shows the diffraction pattern resulting from ball
milling a 1:1 molar ratio mixture of CasMg3zH14:NaH at 400 rpm for 2 h. The final products
after milling are CasMgsH14 and NaMgH3. No hydrogen was released during the process as
the oxygen content in the glove box did not increase. Consistent with the methodology
employed in Chapter 5, the only potential gas released is hydrogen (H:). NaMgHj3 is
clearly formed through the reaction of NaH and MgH> or he direct reaction between
Ca-Mg-H and NaH.. The peaks of CasMgs;Hi4 are noticeably broadened. Therefore, the
ratio of Ca and Mg in CasMgsH14 may not be strictly 4:3. Although the CasMg;H14 phase
retains its previous structure, the content of Mg is reduced. NaH may react with some of

the Mg and H in CasMg3H 14 to form NaMgH3.
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Figure 6-7:The PXD pattern of ball-milled 1:1 CasMgzH14:NaH (2h, 400rpm). (1 represent CasMgsHi4;
2 represent NaMgHs)

Figures 6-8 and 6-9 show the performance of CasMgiHis-NaH after ball milling and
heating to 400 °C. It is evident that, when compared to as-synthesised CasMgzH4, the
dehydrogenation reaction onset temperature of CasMgs;H14-NaH decreases from ca. 360 °C
to ca. 320 °C from the MS Figure 6-5 and 6-9. Additionally, the DTA endothermic peak
temperature has significantly decreased, from 450 °C to 348 °C. The addition of NaH into
CasMgsHis can change the reaction pathway, enabling the CasMgsHis-NaH system to
initiate hydrogen release at lower temperatures compared to as-synthesised CasMgzH14.
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Figure 6-8: TG (red) and DTA (blue) profiles for ball-milled 1:1 CasMgsH1s:NaH (2h, 400rpm) on
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heating from 35-400 °C at 5 °C min"' under flowing Ar(g).
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Figure 6-9: Mass spectroscopy output for water (m/z = 18) and hydrogen (m/z = 2) as a function of
temperature for ball-milled 1:1 Ca;MgsHi4:NaH (2h, 400rpm) on heating from 35-400 °C at 5 °C min™!
under flowing Ar(g).

To investigate the specific reaction(s) occurring, the ball-milled CasMgzHi14-NaH was
heated to various temperatures up to 400 °C. Figure 6-10 shows the behaviour of the
system from 150-280 °C, while Figure 6-11 shows the thermal behaviour from 280-400 °C.
From Figure 6-10, it can be seen that there are no changes in the CasMgsH14-NaH sample
from the time it was ball milled until it was heated to 280 °C. From Figure 6-11, however,
it is evident that between 280-320 °C, new peaks indicating the formation of Mg begin to
appear. When the temperature is increased from 320 °C to 360 °C, the sample starts to
decompose fully into Mg, CaH,, and Na and there is little change in these products from
360 °C to 400 °C, indicating that complete decomposition occurs around 360 °C.
Excluding the decomposition of CaHy, as its decomposition temperature is ca. 600 °C.3!
From Figure 6-12, it is observed that when CasMg3H14-NaH is heated to 330 °C, both NaH
and Na are present, suggesting that Na comes from the decomposition of NaH. Based on
this information, the observed released hydrogen is mainly derived from the H in MgH>
and NaH. The theoretical hydrogen mass loss of reaction 3 should be 2.60 wt.%, which
differs by 0.36 wt.% from the experimental hydrogen mass loss. Therefore, the ratio of Ca
to Mg in CasMgzH14 may not strictly be 4:3. Additionally, NaMgH3; appears to decompose
into NaH and Mg, releasing hydrogen, between 320 °C and 330 °C. According to the
article by Pottmaier et al., experimental results indicate that NaMgH3 begins to decompose
around 400 °C in a two-step process.’? Initially, NaMgH3 decomposes to form NaH, Mg,
and H>. Subsequently, NaH further decomposes to yield Na and 0.5H:. Therefore, in the
interaction between CasMgsHis4 and NaMgH3, the decomposition of NaMgH3 is initiated
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earlier.

The presence of Mg without any MgH» peaks suggests that Mg is directly released from
the decomposition of CasMgzH14 and NaMgH3, along with the release of hydrogen. Based

on the above information, the reaction can be summarized as follows:
CasMg3His + NaH — CasMgoHi2 + NaMgH;  Ball-milling (2)

CasMgoHip + NaMgHs — 4CaH> + Na +3Mg + Ho T =320 °C - 400°C 3)

- CaMasty mo200°C
2 - NaMgH, 11 11-150°C
1 1-Ca,Mg;H,, B2h

v

2 Theta (Deg.)

Figure 6-10: The PXD patterns of ball-milled 1:1 CasMgzH14:NaH (2h, 400rpm;I) and after heating to
150 (II), 200 (IIT) and 280 (IV) °C (and cooling to room temperature). (1 represent CasMgsH4; 2
represent NaMgH3)
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Figure 6-11: The PXD patterns of ball-milled 1:1 CasMgsHis:NaH (2h, 400rpm) after heating to 280 (I)
320 (II), 360 (III) and 400 (IV) °C (and cooling to room temperature). (1 represent Ca;MgsH4; 2
represent NaMgH3; 3 represent Mg; 4 represent CaH:; 5 represent Na)
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Figure 6-12:The PXD pattern of ball-milled 1:1 CasMg:H14:NaH (2h, 400rpm) after heating to 330 °C
(and cooling to room temperature). (1 represent CasMgsHis; 2 represent Mg; 3 represent CaHz; 4
represent Na; 5 represent NaH)
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Therefore, the addition of NaH indeed improves the dehydrogenation pathway of
CasMgzHis. The inherent dehydrogenation reaction peak temperature of CasMgszHis is
450 °C. Upon the incorporation of NaH, it reacts with CasMgszHi4 during ball-milling to
form NaMgHs. As evidenced by DTA Figure 6-8, the overall reaction exhibits a single
peak temperature at 348 °C. Therefore, the interaction between NaMgH3 and CasMgzH14
results in a reduction of the overall dehydrogenation reaction peak temperature by 102 °C.
This not only causes CasMgsHi4 to decompose earlier but also induces the premature
decomposition of NaMgHj3 (400 °C -348 °C). From the perspective of theoretical mass loss,
CasMg3Hi4 decomposes into CaH> and Mg, with the decomposition temperature of CaH>
being ca. 600 °C. Thus, before 500 °C, the theoretical mass loss is 2.4 wt.%. The addition

of NaH can slightly increase the theoretical mass loss to 2.6 wt.%.

6.3.4 Improvement: Milling time, Rotation Speed and Mole Ratio of
Ca4Mg3H14-NaH

To explore whether the CasMgszHi4-NaH system can be further optimized, based on prior
experience, varying the rotation speed, the molar ratio of NaH to CasMgzHi4, and the
ball-milling duration may be effective strategies. Additionally, extended ball-milling times
will be employed to investigate whether further reactions can occur within the

CasMgsHi4-NaH system.

When the CasMg3H1s-NaH sample was ball-milled for 10 hours, as shown in Figure 6-13,
it can be seen that CasMgzHi4 has decomposed into CaH> and Mg. Furthermore, when the
milling jar was opened in the glove box, the oxygen content increased and decreased in a
pattern similar to the release of hydrogen, indicating that hydrogen gas was generated
again. The presence of NaMgH3 and the absence of Na or NaH indicate that CaH> and Mg
must originate from the CasMgsHi4 phase, but this may not be a simple decomposition
process. As shown in the PXD pattern (Figure 6-7), no phases corresponding to CaH> and
Mg were observed after 2 hours of ball-milling. Therefore, it is likely that CasMgzHi4
initially reacts with NaH to form CasMgHp. CasMgsHis does not decompose
spontaneously during ball-milling; however, the lower Mg-content CasMgsHis (i.e.,
CasMgoH12) is less stable compared to CasMgzHi4, which may account for its subsequent

decomposition.

When the sample was heated, both the peak temperature and onset temperature once again
decreased, from 348 °C to 336 °C, and the initial hydrogen release temperature decreased
from 325 °C to 297 °C. The decomposition temperature of CaH» in the sample is ca.
600 °C, so this reaction may involve only the decomposition of NaMgH3. Upon heating to
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400 °C, Na and Mg are produced, as shown in Figure 6-16. By comparing the PXD
patterns at 400°C in Figures 6-16 and 6-11, the changes in the content of Mg can be
observed. In the 400°C CasMgsHi1s-NaH sample in Figure 6-11, the relative intensity for
Mg is larger than that for CaH,. However, in Figure 6-16, the relative intensity for CaH»
and Mg are approximately the same. This is consistent with the observation that Mg was
generated during ball milling. Since Mg is relatively soft, it easily adheres to the milling jar
and balls during the process. As a result, some of the Mg could not be extracted, leading to

a reduction in its content.
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Figure 6-13: The PXD pattern of ball-milled 1:1 CasMg:Hi4:NaH (10h, 400rpm). (1 represent CaH:; 2
represent NaMgHj3; 3 represent Mg)
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Figure 6-14: TG (red) and DTA (blue) profiles for ball-milled 1:1 CasMgzH14:NaH (10h, 400rpm) on
heating from 35-400 °C at 5 °C min™' under flowing Ar(g).
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Figure 6-15: Mass spectroscopy output for water (m/z = 18) and hydrogen (m/z = 2) as a function of
temperature for ball-milled 1:1 CasMg:H1s:NaH (10h, 400rpm) on heating from 35-400 °C at 5 °C

min! under flowing Ar(g).
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Figure 6-16: The PXD pattern of ball-milled 1:1 CasMgs;H14:NaH (10h, 400rpm) after heating to 400 °C
(and cooling to room temperature). (1 represent CaHs; 2 represent Mg; 3 represent Na)

To investigate whether CasMgzH14 can react similarly under lower ball-milling conditions
(300 rpm), a 1:1 molar ratio of CasMg3H14:NaH was ball-milled for 2 hours at a rotation
speed of 300 rpm. As shown in Figure 6-17, the diffraction peaks of CasMg3H4 did not
broaden, and only the phases of CasMgsHi4 and NaH were present. This indicates that at
300 rpm, CasMgsHi4 and NaH do not react with each other. According to Reardon et al.'s
article, NaMgH3 can be synthesized by ball-milling a 1:1 molar ratio of NaH:MgH> for 5
hours at a rotation speed of 450 rpm.? In conjunction with Figure 6-17, this suggests that at
lower rotation speeds (300 rpm), NaH cannot react with MgH, to form NaMgH;. To
further explore whether an increased amount of NaH could promote the dehydrogenation
of the CasMgzH14-NaH system, a 1:2 molar ratio of CasMgszH14:NaH was ball-milled for 2
hours at a rotation speed of 300 rpm. As shown in Figure 6-18, the resulting product of the
1:2 CasMgzH14:NaH mixture contains CasMgszHi4, NaH, and MgHo». Interestingly, under
the same ball-milling conditions (300 rpm), the presence of additional MgH; in the 1:2
CasMgsHi4:NaH mixture is notable. The MgH> can only originate from the decomposition
of CasMgzH 4.

Figures 6-19 and 6-20 show the thermal performance of ball-milled 1:2 CasMgzH4:NaH
(2h, 300rpm). Form the DTA trace, the sample has two endothermic peak temperatures at
366 °C and 381 °C. The peak at 381 °C should correspond to the decomposition of NaH
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alone, with a peak temperature similar to previous results in chapter 3. The peak at 366 °C
may correspond to the dehydrogenation of MgH; after ball-milling and the MgH, present
in CasMgsH4. According to Lillo-Rddenas et al.’s article, during ball-milling for 0-2 hours,
the peak temperature for the decomposition of MgH> is approximately 361 °C, which is
close to 366 °C.>* As shown in Figure 6-21, the main products for the 1:2 CasMg3zH14:NaH
mixture are Na, Mg, and CaH». This indicates that H» is released from the decomposition

of both NaH and MgHo.
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Figure 6-17: The PXD pattern of ball-milled 1:1 CasMg:His:NaH (2h, 300rpm). (1 represent
CasMgsHis; 2 represent NaH)
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Figure 6-18: The PXD pattern of ball-milled 1:2 CasMg:His:NaH (2h, 300rpm). (1 represent
CasMgsHig; 2 represent NaH; 3 represent MgH>)
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Figure 6-19: TG (red) and DTA (blue) profiles for ball-milled 1:2 Ca;MgzH14:NaH (2h, 300rpm) on
heating from 35-400 °C at 5 °C min! under flowing Ar(g).
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Figure 6-20: Mass spectroscopy output for water (m/z = 18) and hydrogen (m/z = 2) as a function of

temperature for ball-milled 1:2 CasMg3;H;4:NaH (2h, 400rpm) on heating from 35-400 °C at 5 °C min!
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Figure 6-21: The PXD pattern of ball-milled 1:2 Ca;Mg:;H14:NaH (2h, 400rpm) after heating to 400 °C

(and cooling to room temperature). (1 represent CaH>; 2 represent Mg; 3 represent Na)

6.4 Conclusion

In the case of 1:1 CasMgzH14:NaH ball-milled for 2 hours at 400 rpm, NaH can change the
reaction pathway to react with CasMgs;Hi4, forming CasMgoHi2 and NaMgHi;. When
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heated to 348 °C, the interaction between NaMgH3 and CasMg3H4 results in a decrease of
the overall dehydrogenation reaction peak temperature by 102 °C (450 °C - 348 °C),
causing not only the earlier decomposition of CasMgiHis but also the premature
decomposition of NaMgHj3 (400 °C - 348 °C). The reactions are shown in reactions 2 and 3.
For 1:1 CasMgzH14:NaH ball-milled for 10 hours at 400 rpm, NaMgH3, CaH», and Mg are
formed. The structure of CasMgoH1> formed after 2 hours of ball-milling is not stable and
decomposes into CaH, and Mg. Meanwhile, 1:1 CasMgzHis:NaH does not react when
ball-milled for 2 hours at 300 rpm. However, 1:2 CasMgszH14:NaH ball-milled for 2 hours
at 300 rpm generates additional MgH», which may act as an intermediate that reacts with

NaH to form NaMgH3 when the ball-milling speed reaches 400 rpm.
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7. Dehydrogenation of Guanidine-NaAlH4+/MgH; system

7.1 Introduction

7.1.1 Guanidine and its role in hydrogen release systems

Guanidine (CN3Hs) is a small organic molecule that has garnered significant attention due
to its immense potential in hydrogen storage. Widely studied in the fields of chemistry and
biochemistry, guanidine serves as a fundamental building block for many biomolecules
and plays a crucial role in supramolecular chemistry.! Containing approximately 8.5%
hydrogen, all of which are in the form of protons located on amino (—-NH3z) or imino (—NH)
groups, guanidine's strong basicity allows it to readily protonate and form a stable
guanidinium cation (CN3Hg"), making it an attractive material for hydrogen storage.’
Guanidine has a unique molecular structure with a central imino group (—NH) flanked by
two amino groups (-NH:).? This structure enables guanidine to form stable guanidinium
cations through protonation and further interact with metal hydrides or other compounds to
create complex hydrides. The crystal structure of guanidine was only recently elucidated,

revealing its potential for application in hydrogen storage systems.*

Guanidine can be synthesized through various methods. For example, high-purity
guanidine can be obtained by reacting guanidinium carbonate with sodium metal in
anhydrous ethanol, followed by further purification through sublimation.>® Guanidine can
also form metal guanidinates (MCN3Ha) through metallation with alkali-metal hydrides
(e.g., LiH, NaH) or amides (e.g., LiNH2). These metal guanidinates exhibit enhanced
thermal stability compared to pure guanidine, preserving carbon atoms and reducing the

extent of C-N bond breaking during thermal decomposition.”®

Wu et al. report on the development of a novel class of metal borohydride guanidinate
complexes (MBH4-nCN3Hs, where M = Li, Mg, and Ca; n = 1, 2 ) and their potential for
hydrogen storage.” These complexes were synthesized using solid-state methods and
characterized through X-ray diffraction, first-principles calculations, and neutron
vibrational spectroscopy. The study revealed that these compounds can release
approximately 10% hydrogen by weight at moderate temperatures with minimal impurities
such as ammonia and diborane. The structures of Mg(BH4)::6CN3Hs and
Ca(BH4)2-:2CN3Hs were determined, showing unique arrangements of metal cations and
ligands.'® Mg(BHa4)2:6CN3Hs exhibited particularly favourable hydrogen storage properties,
including nearly thermally neutral dehydrogenation and high-purity hydrogen release. The
research concludes that by adjusting the metal cation (such as Mg?"), the hydrogen storage

performance of these complexes can be optimized, making them promising candidates for
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practical hydrogen storage applications.!!

Zhou et al. investigated guanidine (CN3Hs) and its metal guanidinates (MCN3Hs) as
potential hydrogen carriers.!?> Guanidine was reacted with alkali-metal hydrides or amides
to form metal guanidinates, which were then characterized in term of their crystal
structures and thermal decomposition properties. The study found that metallation
significantly improves the thermal stability of guanidine, shifting the decomposition
mechanism from C-N bond breaking to N-H bond breaking. For instance, LiCN3H4
showed reduced weight loss and ammonia release compared to pure guanidine during
thermal decomposition.!* By pairing guanidine with metal hydrides like LiH, the resulting
composites could release hydrogen primarily through the combination of H* and H-,
minimizing ammonia generation.'* The research suggests that these organic
molecule-based complexes could pave a new way for developing high-capacity and
reversible hydrogen storage systems, with future work focusing on further enhancing
hydrogenation properties through strategies such as weakening N—H bonds and introducing

more reactive hydrides.!>1¢

Despite its potential, guanidine-based hydrogen storage systems face several challenges.
The dehydrogenation process often involves multiple steps and can be influenced by other
compounds, such as ammonia.!” Additionally, the rehydrogenation of these materials
remains a significant challenge, requiring further research to develop effective reversible
hydrogen storage methods.”!? Future studies should focus on enhancing the hydrogenation
properties of guanidine-based materials by weakening N—H bonds, improving the mobility
of metal ions, and introducing more reactive hydrogen carriers.'® These advancements
could pave the way for the development of high-capacity, reversible hydrogen storage

technologies based on organic molecules like guanidine.
7.1.2 Aim

The aim of this work is to develop new hydrogen release systems comprising CHsN3 with
either NaAlHs or MgH». The research experience gained from the previous studies on the
NaAlHs-NaOH system can also be applied to the investigation of the mechanism of this

new system.

7.2 Experimental

MgH: (Alfa Aesar, 98%), NaAlH4 (Sigma Aldrich, powder, 93%), Sodium (Sigma Aldrich,
ACS reagent, dry) and Guanidinium carbonate (Sigma Aldrich, for synthesis) was used as

received.

213



Because of the air and moisture sensitivity of MgH>, NaAlH4 and Guanidine, all operations
were carried out in a recirculating Argon or N»-filled (BOC, 99.998%) glovebox (MBraun
LABstar, O2 < 10 ppm, H2O < 0.5 ppm).

7.2.1 Milling of guanidine and metal hydrides (either MgH: or NaAlHy4)

Since the melting point of guanidine is very low, only approximately 50 °C, only mild ball
milling conditions were employed. Mixtures of ca. 0.2 g in total of guanidine and
MgH>(NaAlHs) were weighed and then transferred to a stainless-steel grinding jar that was
filled with 4 stainless steel balls (10 mm diameter), each of which weighed ca. 4 g. The
grinding jar was sealed under argon before removal from the glovebox. Ball milling was
conducted for various durations (described further below) at 200 rpm rotation speed with a
ball-to-powder ratio of 80 : 1 in a planetary ball mill (Retsch PM100) in 2-minute milling

periods (reverse rotation) followed by 2-minute rest periods.
7.2.2 Powder X-ray Diffraction (PXD)

All starting materials and Ca-Mg-H hydrogen release systems were characterised using
powder X-ray diffraction (PXD). All the materials used in this study were air-sensitive.
Therefore, all the samples were prepared using the air-sensitive sample holder under inert
atmosphere.(glovebox) All the materials were characterized by PANalytical X Pert and
Rigaku Miniflex. Diffraction data was collected over a 20 range of 5-85° for 1 h to
facilitate phase identification. The obtained diffraction data were compared with
appropriate reference patterns using the ICSD database via PowderCell or the ICDD PDF
database via PANalytical HighScore Plus and Jade 6.5 software.!*?° Rietveld refinements
were performed using the General Structure Analysis System (GSAS) with the EXPGUI

interface.?!
7.2.3 Synthesis of Guanidine

Guanidine was synthesised based on the method developed by Wu et al. and Zhou et al.’s
article.>'? All operations were conducted within a glovebox to maintain an inert
atmosphere. Guanidinium carbonate (0.9 g) was dissolved in 80 mL of ethanol with stirring
for 12-24 hours. Separately, sodium metal (0.23 g) was dissolved in 20 mL of ethanol, with
stirring for 1 hour, until the reaction with sodium was complete (i.e. no sodium metal was
visible in the solution). The two resulting solutions were then combined and stirred for 18
hours. Subsequent filtration was performed using one of two methods: centrifugation for
10 minutes or allowing the mixture to stand for 20 minutes. (The later proved more
effective). The upper layer (colourless solution) of the resulting biphasic solution was

collected into a two-necked round-bottom flask. The collected and colourless solution was
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subjected to drying and evaporation using a Schlenk line overnight. This process yielded a
viscous, oil-like product. Crystallization of this product directly under high vacuum on the
Schlenk line was challenging. Therefore, the oil-like intermediate was transferred into the
glovebox transition port (small) and subjected to vacuum drying overnight, enabling its

crystallization.
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Guanidinium carbonate A .
white suspension

0.9 16-24h
g 20ml ethanol 18h
Sodium (Na) —————> fully reacted — 3 whitesuspension
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overnight

Melting point of guanidine is about 50 °C

Figure 7-1: Schematic representation of the guanidine synthesis.

7.3 Results and Discussion

7.3.1 Thermal Treatment of Guanidine

After synthesis, guanidine was successfully synthesised as shown in Figure 7-2, and is a
pink-white coloured material. Figures 7-3 and 7-4 display the thermal performance of
guanidine when heated to 400 °C. There are three DTA peaks observed. The first peak
occurs at 58 °C, with no mass change or gas release. The melting point of guanidine is
50 °C, which is close to the observed 58 °C.?> Combined with the absence of any mass loss,
this strongly suggests that the first thermal event corresponds to the melting of guanidine.
The second peak appears at 179 °C, which is exothermic reaction, and from the MS
spectrum, it can be seen that the second peak corresponds to the release of NHz. Both NH3
and CHj are gases that may be released according to the literature.®!? In Figure 7-4(a), NH;3
i1s measured at m/z=17, while CH4 is measured at m/z=16. It can be observed that both NH3
and CHy are released simultaneously, but their profiles are near-identical, which is unusual.
A possible reason is that NH3 exhibits a strong signal at m/z = 16, which can interfere with
or contribute to the signal intensity attributed to CH4 at the same m/z value. Therefore, in

Figure 7-4(b), to avoid mutual interference of NH; and CHa, NH3 is also measured at m/z
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=17, while CH4 is measured at m/z=13 and m/z=12. No CHy4 release is observed in Figure
7-4(b). Figure 7-4(b) should be correct because the signal intensities of gases are mutually

independent.

The mass loss analysis also indicates that if all NH3 were released, the theoretical mass loss
would be 28.81 wt.%, which closely aligns with the observed value of 28.92 wt.%. This
suggests that NH; is predominantly released at approximately 179 °C. The powder patterns
in Figure 7-5 demonstrate that upon heating CHsN; to 200 °C, the resulting product is
melamine (C3HgNs). Therefore, the reaction corresponding to the second thermal event can

be expressed as:
3CHsN3; — C3HeNg+ 3NH3 (1)

A third DTA peak appears at 343 °C. According to Costa et al.’s paper, most melamine
undergoes evaporation at 315-380 °C, leading to a significant mass reduction.?® Therefore,
the peak at 343 °C corresponds to the evaporation of C3HeNs. This is consistent with the
literature, which reports that after evaporation, C3H¢Ng undergoes a condensation reaction
between 380 °C and 480 °C to form the highly condensed polymer such as melem. This

reaction accounts for the remaining 6 wt.% residue.

II - Guanidine as synthesised
I - Standard guanidine

o e .

@

10 20 30 40 50 60 70
Temperature ('C)

Figure 7-2: PXD patterns of the synthesis product (I) as compared to the standard diffraction pattern
of guanidine(Il).
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17),

methane (m/z = 16) and hydrogen (m/z = 2) and (b) ammonia (m/z = 17), methane (m/z = 13/16),

nitrogen (m/z = 28), hydrogen (m/z = 2) for CHsN3 on heating from 35-400 °C at 5 °C min"! under

flowing Ar(g).
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Figure 7-5: PXD pattern of as-synthesised guanidine (I) and after heating to 200 °C (II).

7.3.2 Investigation of hydrogen release in the NaAlH4-CH;sN3 system

Due to the low melting point of guanidine, the ball milling parameters were set at a
relatively low rotation speed of 200 rpm for 1 hour. Figures 7-6 and 7-7 illustrate the
thermal performance of the NaAlH4-CHsN; system. The DTA results exhibit two peaks:
the first peak corresponds to the melting of CHsN3, consistent with previous observations,
while the second peak at 157 °C represents an exothermic reaction. This reaction occurs
rapidly and intensely, with hydrogen being the only detected gaseous product, indicating
that NaAlH4 reacts with CHsNj3 to release hydrogen.

However, if only hydrogen were released, the theoretical mass loss would be 7.96 wt%,
which is significantly lower than the observed 32.81 wt%. Additionally, the mass loss of
gases varies at different temperatures.(Appendix 7-1 to 7-3) This discrepancy is attributed
to the rapid release of hydrogen, which likely causes some reaction mixtures to be expelled
from the crucible into the thermocouple, leading to additional mass loss. The expelled
material appears black and is in a clumped form, resembling the products in the crucible
but differing from the sodium leakage observed in the NaBH4-NaOH system, as depicted
in Chapter 5, Figure 5-15. In the NaBH4-NaOH reaction, leaked sodium adheres to the
thermocouple with a sticky texture and cannot be removed without high-temperature
evaporation. In contrast, the expelled product from the NaAlH4+-CHsN; reaction is
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non-adhesive and can be physically removed, suggesting that the leaked material is not

sodium.

PXD analysis (Figure 7-8) indicates that no reaction occurs between NaAlH4 and CHsNj3
during ball milling. Even when the temperature reaches 150 °C, NaAlH4 remains present
without decomposition. Additionally, once CHsN3 melts and solidifies upon cooling, it was
hard to be removed from the crucible, further confirming that NaAlHs does not form an
intermediate compound with CHsN3. At 170 °C, the reaction of NaAlHs and CHsN3 is
complete, producing aluminium and unidentified broad peaks at approximately 30° and 35°
20. The unidentified peaks do not match any known materials in the ICSD database and the
ICDD PDF. As the heating continues to 400 °C, the product remains unchanged from that
at 170 °C. Therefore, the unidentified peaks are likely associated with a Na-C-N-based

compound.
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Figure 7-6: TG (red) and DTA (blue) profiles for ball-milled 1:1 CHsN3:NaAlH4 (1h, 200rpm) on
heating from 35-400 °C at 5 °C min-! under flowing Ar(g).
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Figure 7-7: Mass spectroscopy output for ammonia (m/z = 17), methane (m/z = 13/16), nitrogen (m/z =

28), hydrogen (m/z = 2) as a function of temperature for ball-milled 1:1 CHsN3:NaAlH4 (1h, 200rpm)
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Figure 7-8: PXD patterns of 1:1 CHsN3;:NaAlHy after ball-milling (1h, 200rpm;I) and heating to 150
(II), 170 (IIT) and 300 (IV) °C.

7.3.3 Investigation of hydrogen release in the MgH»-CH;sN3 system
Figures 7-9 and 7-10 illustrate the thermal behaviour of the 1:1 CHsN3;:MgH> and 1:2
CHsN3:MgH, systems. The DTA peak temperatures of both samples are closely aligned,
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with the second (exothermic) peak of CHsN3-MgH> occurring at 135 °C, slightly higher
than that of the second DTA peak for CHsN3-2MgH: at 128 °C. Additionally, both samples
exhibit similar thermal profiles otherwise. MS analysis indicates that hydrogen is released
at 128 °C and 200 °C, followed by a minor release of NH3. According to the PXD pattern
shown in Figure 7-11, no reaction between CHsN3; and MgH> was observed during ball
milling. When the temperature was raised to 150 °C, which marks the completion of the
first reaction step, the PXD pattern displayed phases corresponding to MgH> and an
unidentified product. This unidentified phase partially matches CHsN3s, particularly at
diffraction angles of approximately 22°, 26°, 27°, and two peaks above 55°. Upon further
heating to 240 °C and 400 °C, the reaction was completed, yielding products that included
MgH: phases and broad peaks at 18° and 34° that could not be identified by the software or
the ICSD database. As depicted in Figure 7-9(a), the mass loss continuously decreased
between 240 °C and 400 °C, while the PXD pattern remained unchanged, suggesting that a
condensation reaction may have occurred after 240 °C. Figure 7-12 also shows that in the
1:2 CHsN3:MgH» sample, the CHsN3 phase completely disappeared at 160 °C. Given that
the reaction between MgH, and CHsN3 may produce amorphous products that are
undetectable by PXD, the exact reaction mechanism is difficult to deduce based solely on
the available data. Therefore, insights from the literature are necessary to propose potential
reaction pathways, which can then be validated by mass loss analysis. According to the
articles by Wu et al. and Zhou et al., LiH reacts with CHsN3; to form LiCN3Hs and
hydrogen gas at relatively low temperatures (around 90 °C).>!2 This is an irreversible
reaction, indicating that LiCN3H4 is highly stable once formed. The reaction is shown

below:
CH5sNs5 + LiH — LiCN3H4+H» (2)

The hydride ion (H") in LiH reacts with a proton (H") from CN3Hs (originating from the
amino or imino group) to generate hydrogen gas and form LiCN3Ha. This process is
analogous to the previously described NaH-NaOH system and can be regarded as a proton
transfer reaction, where H* combines with H- to produce H». According to Zhang's article,
MgH, powder and guanidine can react to form Mg(CNsH4),.2* The synthesis procedure
involves depositing MgH> powder and guanidine in an autoclave at a 1:2 molar ratio.
Subsequently, dry ammonia (15 mL) is condensed into the autoclave, which is then placed

in an oven at 50 °C for one month. The reaction is shown below:
MgH; +2CHsN3 — Mg(CN3Has)> + 2H> 3)
This suggests that MgH. has the potential to react with CHsN; to form Mg(CNsHa),.

Reaction 3 may correspond to the MS peak observed at approximately 130 °C. As shown
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in MS Figure 7-10, the peak temperature at 200 °C is associated with the initial release of
hydrogen gas, followed by the release of NHj3 at 220 °C. According to the article by
Schwamm et al., Mg(CN3H3): can be synthesized stably.?3 Therefore, the reaction pathway

may be as follows:

Mg(CN3Hy4)2 — Mg(CN3H3): + Ha 4)
Mg(CN3H3)2 — Mg(CN2)2 + 2NH3 (5)
Therefore, the total reaction may be as follows:

MgH> +2CH5N3; — Mg(CN2):> + 2NH;3 + 3Hz (6)

Given the molar ratio of MgH> to CHsN3 is 1:2, both the 1:1 MgH»:CHsN3 and 2:1
MgH>:CHsN3 mixtures have an excess of MgH». This explains the persistent presence of
MgH: phases observed in PXD patterns shown in Figures 7-11 and 7-12. If the proposed
reaction indeed occurs in the 1:1 MgH,:CHsN3 sample, the theoretical mass loss before
reaching 240 °C would be 24.70 wt.%, which closely matches the experimental mass loss
of 25.51 wt.% as depicted in Figure 7-9. Similarly, for the reaction occurring in the 2:1
MgH2:CHsN3 sample, the theoretical mass loss is 18.92 wt.%, which is close to the
experimental mass loss of 19.27 wt.%. For the sample with a molar ratio of 2.5:1
MgH>:CH;5Ns, the theoretical mass loss is 16.13 wt.%, which closely aligns with the
experimentally observed mass loss of 17.26 wt.%.(Appendix 7-4) Moreover, the mass loss
of the 1:2 CHsN3;:MgH> mixture at 128 °C reaches 1.73 wt.%, indicating that
approximately 2 moles of hydrogen are released from the mixture, which initially

contained 9 moles of hydrogen. This suggests that the hydrogen release is primarily

through Reaction 3.
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Figure 7-9: TG (red) and DTA (blue) profiles for ball-milled (1h, 200rpm) (a) 1:1 CHsN3:MgH: (b) 1:2
CHsN3:MgH: on heating from 35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 7-10: Mass spectroscopy output for ammonia (m/z = 17), methane (m/z = 13/16), nitrogen (m/z =

28), hydrogen (m/z = 2) as a function of temperature for ball-milled (1h, 200rpm) (a) 1:2 CHsN3:MgH:

(b) 1:1 CHsN3:MgH; on heating from 35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 7-11: PXD patterns of 1:1 CHsN3;:MgH; after ball-milling (1h, 200rpm;I) and heating to 150 (II),
240 (IIT) and 400 (IV) °C. (and cooling to room temperature)
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Figure 7-12: PXD patterns of 1:2 CHsN3:MgH: after ball-milling (1h, 200rpm) and heating to 160 (I)
and 400 (II) °C. (and cooling to room temperature)

Based on the previous information, the reactions between 1:1 MgH>:CHsN; and 2:1
MgH>:CHsNs involve an excess of MgH,. To investigate whether MgH, could be
completely consumed by an excess of CHsN3, a ball-milled 4:1 CHsN3;:MgH> mixture (1
hour, 200 rpm) was heated to 400 °C. As shown in Figures 7-13 and 7-14, the thermal
behaviour was similar to previous observations, with hydrogen release and mass loss
occurring at 138 °C. However, an additional hydrogen release peak appeared at 149 °C. At
200 °C, consistent with the previous MS Figure 7-10, hydrogen gas was released first,
followed by NH3. Notably, a significant mass loss was observed between 200 °C and
300 °C. According to Figure 7-3, this temperature range corresponds to the decomposition

of C3HeNg (melamine).

As depicted in Figure 7-15, upon heating to 150 °C, additional phases appeared between
10° and 20° in the PXD pattern, in addition to the phases corresponding to MgH> and
CHsNs. When heated to 240 °C, the MgH» phases disappeared, and peaks corresponding to
CsHeNe¢ emerged. Comparing Figures 7-13, 7-14, and 7-15 with Figures 7-9, 7-10, and
7-11, it is evident that the 4:1 CHsN3;:MgH> mixture exhibited an additional hydrogen
release at 149 °C and the formation of C3HsNe at 240 °C. Therefore, C3HsN¢ likely

originated from the condensation of excess CHsN3. The proposed reaction is as follows:

2CHsN3 — 2/3 C3HgNs + 3H2 7
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However, according to Reaction 1, the condensation of CHsN3; would release ammonia gas.
The presence of Mg?" in Mg(CH4N3), might be a contributing factor. According to Zhou's
article, the introduction of Mg?* can enhance the polarity of the N-H bonds in guanidine
molecules, thereby reducing their bond energy and making the N-H bonds more
susceptible to cleavage. Therefore, under the influence of Mg?**, the N-H bonds in

guanidine may break more readily, leading to the formation of H,.

To verify this hypothesis, the theoretical mass loss should be calculated. If we consider the
previous Reactions 3, 4, and 5, along with the current Reaction 7, and assume that
guanidine remains at 7 wt.% as shown in Figure 7-3, the theoretical mass loss should be
55.51 wt.%. This value is higher than the experimentally observed mass loss, which
suggests that there may be uncertainty regarding the residual mass after the condensation
of C3HgNe.(Appendix 7-5) In Figure 7-15, when the temperature is raised to 400 °C, the
product exhibits two strong peaks corresponding to MgH», while the other weaker peaks
are absent. This may indicate that the structure of MgH> was disrupted at 240 °C, but it
subsequently reformed and recrystallized through a reaction with C3HgNs or products
derived from the thermal decomposition of C3HsN¢. However, further experiments would

be necessary to confirm this hypothesis.
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Figure 7-13: TG (red) and DTA (blue) profiles for ball-milled 4:1 CHsN3:MgH; (1h, 200rpm) on
heating from 35-400 °C at 5 °C min™! under flowing Ar(g).
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Figure 7-15: PXD patterns of 4:1 CHsN3;:MgH; after heating to 150 (I), 240 (II) and 400 (III) °C. (and

cooling to room temperature)

7.4 Conclusions

In conclusion, the behaviour of CHsNj is characterized by its melting at 58 °C and

subsequent decomposition into C3HsN¢ and NH3 at higher temperatures (180 °C), with
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C3HeNs further evaporating at even higher temperatures (250-350 °C), as described in
Reaction 1. In contrast to the single reaction between CHsN3 and NaAlH4 (Reaction 2)
occurring at 150 °C, the reactions involving MgH> and CHsNs are significantly more
complex. Based on mass loss data and relevant literature, it is hypothesized that Reactions
3,4, 5, and 6 occur in the 1:2 MgH>:CHsN; system; however, these reactions require
further experimental validation. When an excess of CHsNj3 is introduced to MgHa, an
additional Reaction 7 is proposed, supported by mass loss data but still necessitating

additional experimental confirmation.

Future work should include PXD analysis at multiple temperatures, such as 200 °C, 180 °C,
and 140 °C, as well as investigations of the reactions between MgH> and CH;sNj at various
molar ratios, including the 1:2 MgH>:CHsN; system. Both mass loss and PXD analyses
should be employed to identify potential products.
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8.Conclusion and Future Work

In summary, this thesis investigated five composite complex hydride systems.

In the NaH-NaOH system, it was demonstrated that an intermediate NaH-like phase forms
between 170 °C and 210 °C, facilitating the interaction between protonic hydrogen (H?)
and hydridic hydrogen (H?®) to form solid solution NaH«(OH)x and thereby promoting the
dehydrogenation of NaOH-NaH at lower temperatures. The total activation energy of the
ball-milled NaOH-NaH system was determined to be 75.85 + 3.41 kJ/mol. The
introduction of various catalysts reduced this activation energy, with Ni exhibiting the most
significant effect, lowering it to 41.24 + 3.25 kJ/mol. In the future, Mg>Si with NaOH in
mole ratio 1 : 1 could be explored to know the mechanism. Also, additional catalysts such

as Co, Pd, and Zr could be explored to further enhance the system’s performance.

For the hand-mixed NaAlH4-NaOH system, insights gained from the NaOH-NaH system
were applied to improve the kinetics of NaAlHs decomposition. This resulted in
modifications to the third step of NaAlHs decomposition, which is crucial for enhancing
overall reaction kinetics. In the hand-mixed NaAlHs-NaOH system, the following reactions

were observed:

NaAlHs + 4NaOH = 1/3NasAlHs + 2/3Al + Hz + 4NaOH
1/3NazAlH¢+ 4NaOH = NaH + 1/3Al + 1/2H; + 4NaOH
NaH + Al + 4NaOH = NasAlO4 + 5/2H»

During ball-milling of NaAlH4 with NaOH (2 hours, 400 rpm), an intermediate phase of
NazAlHex(OH)x is formed, as evidenced by PXD. With increased amounts of NaOH, this
intermediate decomposes directly into NaH, NaOH, and Al. Subsequently, the reactions
NaH + Al + 4NaOH — NasAlO4 + 2.5H; and NaH + NaOH — NaO + H: occur within the
temperature range of 300-400 °C. Thus, NaOH functions as a reactive additive in the
NaAlH4 system, modifying the reaction pathways of all steps and facilitating the transition
from endothermic to exothermic processes. A NaOH content of 20 wt.% - 30 wt.% is

required to effectively promote the dehydrogenation of NaAlHa.

In the future, the hand-mixed NaAlH4-NaOH system could be enhanced by introducing
catalysts, such as those used in the NaH-NaOH system, to improve reaction kinetics. A
comparative study of activation energies could help identify the most effective catalyst for
this system. Additionally, advanced techniques such as Synchrotron X-ray Diffraction
could be employed to analyse intermediate structures in the ball-milled NaAlHs-NaOH
system. Further research could also explore whether hydrogenation of NasAlOs is
reversible or if the conditions required for reversibility are too stringent.
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For the NaBH4-NaOH system, the reaction temperature is typically above 500 °C.
However, after two hours of ball milling, the NaBH4-NaOH system can release hydrogen
at approximately 300 °C. The ball-milled NaBH4-NaOH forms an intermediate that

undergoes the following reactions:

NaBH4 + 3NaOH — “(Na-B-O-H) intermediate(s)” ball-milling
“(Na-B-O-H) intermediate(s)” — NazBOsz + NaH + 3H, T =300 - 400 °C
Na3;BO; + NaH + 3H, — Na;BOs; + Na+3.5H, T =325-400°C

(NaH — Na+H, T >325°C)

In future studies, infrared spectroscopy could be utilized to analyse the characteristic peaks
of NaBH4 and investigate its intermediates. Additionally, due to Na leakage from the Al.Os
crucible at high temperatures, alternative crucible materials, such as Pd crucibles, should
be considered. Lowering the heating rate could help prevent Na leakage and allow for a
more accurate determination of hydrogen mass loss, which is critical for understanding the
system’s structural changes. Advanced techniques such as X-ray Photoelectron
Spectroscopy (XPS) could further elucidate the composition of reaction products. The
introduction of appropriate catalysts could also lower the peak temperature and activation

energy.

For the CasMg3H 14 system, the addition of NaH results in the formation of reactive hydride
composites, reducing the decomposition temperatures of both components. Ball milling of
CasMgsHis and NaH leads to the formation of NaMgHs3;, which decomposes at
approximately 300 °C, yielding CaH>, Na, and Mg as final products. In future research,
additional additives such as NaOH and LiH could be introduced to further decrease the

decomposition temperature.

For the CHsN3-NaAlH4/MgH> system, the independent decomposition of CHsN3 follows

the reaction:
3CH5N3 — C3HgNg + 3NH3 T=179 °C

Subsequently, C3HgNs primarily evaporates around 300 °C, with a minor portion
undergoing decomposition. In the NaAlH4-CHsN; system, a reaction at 150 °C releases
hydrogen gas and forms Al and an unidentified Na-C-N product. For the MgH>-CHsN3,
according to MS, TG and DTA, the following reaction can be inferred. However, the

reaction path cannot be confirmed by PXD.
MgH> +2CHsN3 — Mg(CN3Hs), +2Hy T =140 °C

Mg(CN3Hs)2, — Mg(CN3H3z) + Ho T =140 -220 °C
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Mg(CN3H3), — Mg(CN2), + 2NH;3 T > 220°C

Future work should include PXD analysis at multiple temperatures, such as 200 °C, 180 °C,
and 140 °C, as well as investigations of the reactions between MgH> and CHsN3 at various
molar ratios, including the 1:2 MgH>:CHsN3 system. Both mass loss and PXD analyses
should be employed to identify potential products. Future research on this system could
involve combining CHsN3 with additional materials, such as CaH; and NaMgH3, to explore

new reaction pathways and improve hydrogen storage performance.
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9. Appendices
3. NaH-NaOH dehydrogenation system
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Figure A3-1: PXD patterns of NaOH after ball-milling and heating to 900 °C.
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Figure A3-2: PXD patterns for ball-milled 1:1.15 NaOH:NaH with 10 wt.% Mg:Si after heating to
330 °C under flowing Ar(g)
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Figure A3-3: PXD patterns for ball-milled 1:1.15 NaOH:NaH with 10 wt.% Mg:Si after heating to
450 °C under flowing Ar(g).
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Figure A3-4: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 5

wt.% Mg>Si on heating from 35-400 °C at different heating rate (a) 2 °C min'(b) 10 °C min'(c) 20 °C

min! under flowing Ar(g).

——DTA
| Mass
0.7 — - — ot
290.87 'C
06
I 100.0
05
D 04 logs
£ =
= <
E 03+ a
= 99.( o
< =
= 1
B o2
0.1 e
0.0
98.C
=01 T T T T T 1
0 100 200 300 400 500
Temperature ('C)
a
——DTA
| Mass
10 T T T - 01.¢
+ 100
84
100.0
S 6- 05
£ 2
= 99.0
£ 7]
ok o 2
= l98
a
2 o
0+ .
37

T T T T
0 100 200 300
Temperature ('C)

T T
400 500

382.25 C

T T
0 100

00 300
Temperature ('C)

T
400

Mass (%)

Figure A3-5: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 10
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Figure A3-6: TG(red) and DTA(blue) profiles for ball-milled 1:1.15 NaOH:NaH (2h, 400rpm) with 5
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4. NaAlH4-NaOH Dehydrogenation reaction
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Figure A4-1: PXD pattern of hand mixed 1:1 NaAlH4:NaOH after heating to 450 °C under flowing
Ar(g).
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Figure A4-2: PXD pattern of hand mixed 1:4 NaAlH4:NaOH after heating to 200 °C under flowing
Ar(g).

239



—— NaH

—— NaOH

—Al

—— NaAlH4-4NaOH-300

WTDT T L s Aaiakole o

LA A | - NaH
A . h A A A ~ NaOH
L

] kAl

10 20 ' 30 40 50 60 70 80
2 Theta (Deg.)

Figure A4-3: PXD pattern of hand mixed 1:4 NaAlH4s:NaOH after heating to 300 °C under flowing

Ar(g).
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Figure A4-4: PXD pattern of hand mixed 1:4 NaAlH4s:NaOH after heating to 400 °C under flowing

Ar(g).
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Figure A4-8: Kissinger plots for the first dehydrogenation reaction of NaAlHs on heating from
35-400 °C at heating rate 2, 5, 10 and 20 °C min! under flowing Ar(g). E. =309.95 + 12.61 kJ mol™!
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Figure A4-9: Kissinger plots for the second dehydrogenation reaction of NaAlHs on heating from

35-400 °C at heating rate 2, 5, 10 and 20 °C min! under flowing Ar(g). E. =165.65 + 24.03 kJ mol™!
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Figure A4-10: Kissinger plots for the first dehydrogenation reaction of hand-mixed 1:1 NaAlH4s:NaOH
on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min! under flowing Ar(g). E, =148.21 +

18.14 kJ mol!
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Figure A4-11: Kissinger plots for the second dehydrogenation reaction of hand-mixed 1:1
NaAlH4:NaOH on heating from 35-400 °C at heating rate 2, 5, 10 and 20 °C min™! under flowing Ar(g).

E. =112.31 £ 7.05 kJ mol’!
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Figure A4-14: TG(red) and DTA(blue) profiles for ball-milled 1:x NaAlH4:NaOH (a)x=2 (b)x=3 (c¢)x=4
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8.00E-08 o

6.00E-08 -

4.00E-08 4

Intensity (a.u.)

2.00E-08

0.00E+00

—— Water
Hydrogen

366.53 'C

T 8184 ¢

3.50E-08

3.00E-08

2.50E-08 4

2.00E-08

1.50E-08

Intensity (a.u.)

1.00E-08

5.00E-09

0.00E+00

-5.00E-09

T T T T T T
50 100 150 200 250 300
Temperature ('C)

T T 1
350 400 450

— Water

—— Hydrogen
236.41C

M

7

Tees2 T

T T T T T T T T |
0 50 150 200 250 300 350 400 450
Temperature (C)

T
100

C

— Water
|—— Hydrogen
3.00E-08
34445 T
2.50E-08 ,ﬂ\
\\/ \
— o~ \
5 2.00E-08 1 |
S \
2 1.50E-08 \
2 / \
g \
£ 1.00E-08 // \.‘
( \
5.00E-09 + T
781 ]
0.00E+004 —
T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Temperature (C)

Figure A4-15: Mass spectrometry output for water (m/z = 18; black) and hydrogen (m/z = 2; red) as a
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Figure A4-16: PXD pattern of ball-milled 1:3 NaAlH4:NaOH (4h, 400rpm) after heating to 400 °C
under flowing Ar(g). (1 represent NasAlOy; 2 represent NaOH; 3 represent Na,Q)
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Figure A4-17: PXD pattern of ball-milled 1:4 NaAlH4+:NaOH (2h, 400rpm) after heating to 400 °C

under flowing Ar(g). (and cooling to room temperature) (1 represent NasAlOy; 2 represent NaOH; 3

represent Na;QO)
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Figure A4-19: Mass spectra for water and hydrogen vs. temperature for Nas;AlHs— 1NaOH on heating

from room temperature to 400 °C at S °C/min.
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Figure A4-22: PXD pattern of ball-milled (2h) Na;AlHe-1NaOH after heating to 400 °C.
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Figure A6-1: PXD pattern of MgH) as-received(II) and standard MgH,(I)
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Figure A6-2: PXD pattern of CaH; as-received(II) and standard CaH(I)
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Figure A7-1: TG-DTA pattern of hand-mixed guanidine-MgH: (1 : 2.5) on heating from room

temperature to 400 °C at 2 °C/min.
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Figure A7-2: Mass spectra for water and hydrogen vs. temperature for hand-mixed guanidine-MgH:

(1 : 2.5) on heating from room temperature to 400 °C at 2 °C/min.
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Figure A7-3: TG-DTA pattern of ball-milled (100 rpm, 1h) CHsN3;-MgH: (1 : 1) on heating from room

temperature to 400 °C at 5 °C/min.
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Figure A7-4: Mass spectra for water and hydrogen vs. temperature for ball-milled (100 rpm, 1h)
CH;sN3-MgH: (1 : 1) on heating from room temperature to 400 °C at 5 °C/min
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