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ABSTRACT 

 

 

Concerns about the impact that fossil fuels have on the environment and their 

increasing price to the consumer  have led to research being undertaken to evaluate and 

refine other energy carriers that will be comparable to fossil fuels. Significant interest 

has been associated with hydrogen. Hydrogen is widely known as a promising energy 

carrier for the transportation sector. However at present no known material or storage 

means exists that satisfies all requirements to enable high-volume automotive 

application. Transition to using hydrogen storage technology in vehicles might first 

include its implementation in specialty vehicles, portable power supply and stationary 

power supply. Due to this fact, research into materials based hydrogen storage has 

grown significantly over the past decade. Of the wide variety of materials based 

hydrogen storage, three different materials were chosen as the primary focus of this 

project; (1) Aluminium nanoparticles, (2) AlH3 nanoparticles and (3) TiMn alloy. 

 

Al nanoparticles were synthesised by mechanochemical reactions of AlCl3 + 3Li → Al + 

3LiCl using different LiCl:Al volume ratios (6.786:1 , 9.665:1 and 12.544:1). LiCl was used 

as the buffer. Sample synthesised without the addition of buffer led to the formation of 

Al nanoparticles with an average particle size of 50 nm. Addition of sufficient quantity of 

buffer resulted in the formation of Al with average particle sizes down to 13 nm. The 

addition of LiCl as a buffer helps to separate the synthesized Al particles, essentially 

restricting particle growth and promoting nanoparticle formation. Attempted 

hydrogenation of Al nanoparticles (13 nm) using a mixed H2/scCO2 media showed no H2 

absorption. This indicates that an Al particle size less than (13 nm) is required to 

introduce hydrogen into pure Al at pressure and temperature attempt herein (73.8 bar 

and 31.1 C). Furthermore the presence of oxide layer (Al2O3) on Al nanoparticles during 

scCO2/H2 reaction limited the rate of hydrogen permeation on Al nanoparticles. 
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AlH3 nanoparticles were synthesised by mechanochemical reactions of the 3LiAlH4 + 

AlCl3 using different LiCl:AlH3 volume ratios (0.76:1, 2:1, 5:1 and 10:1) at 77 K. The 

addition of LiCl as a buffer leads to the reduction of the synthesized AlH3 crystallite size, 

restricting AlH3 decomposition and preventing high Al yields. Quantitative Rietveld 

results coupled with hydrogen desorption measurements suggest the presence of an 

amorphous AlH3 phase in mechanochemically synthesized samples. TEM results show 

that the synthesized AlH3 comprised of 10 - 30 nm particle size range. For hydrogen 

desorption measurements, it is clear that AlH3 particle size reduction when ball milling 

using buffer does effectively increase the H desorption rate compared to the case 

without using buffer. For hydrogen absorption measurements, decomposed AlH3 

nanoparticles with 10 - 30 nm in size underwent pressures of 280 bar at -196 C, 1420 

bar at 25 C, 1532 bar at 50°C, 1734 bar at 100°C and 1967 bar at 150°C with no 

hydrogen absorption was detected. 

 

Ti-Mn alloy compounds with the composition TiMn2, Ti0.97Zr0.019Mn1.5Cr0.57 and 

Ti0.7875Zr0.2625Mn0.8Cr1.2 were synthesised and compared to the commercially available 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy composition. An amorphous Ti-Mn alloy 

was formed when the starting reagents were mechanical alloying for 40 h. The 

corresponding crystalline phase TiMn was formed when the amorphous alloy was 

annealed at 800 C. The addition of a process control agent (Toluene) leads to the 

formation of a carbide phase (TiC) in the samples. The presence of impurities, carbide 

(TiC) and oxide (TiO) phases resulted a decrease in C14 laves phase wt.% in the 

synthesised samples. Only 37.24, 31.5 and 32.81 wt.% C14 phase was formed in TiMn2, 

Ti0.97Zr0.019Mn1.5Cr0.57 and Ti0.7875Zr0.2625Mn0.8Cr1.2 respectively. The result also showed 

that the theoretical value of 1.9 hydrogen wt.% could not be reached by these samples. 
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CHAPTER 1: Introduction and Overview 

1.1 Introduction to Project 
 

There are currently concerns about the impact that fossil fuels have on the environment 

and their increasing price to the consumer. These concerns have led to research being 

undertaken to evaluate and refine other energy carriers that will be comparable to 

these fossil fuels. Significant interest has been associated with hydrogen1-4. 

 

Great potential for diversity of supply is an important reason why hydrogen is such a 

potential solution to our energy security needs. Hydrogen can be produced using 

abundant and diverse domestic resources, including fossil sources, biological methods, 

nuclear energy and renewable energy sources1-4. Hydrogen can be converted to water, 

generating energy without releasing harmful emissions, thus reducing greenhouse gas 

emissions, pollutants and our dependence on fossil fuels.  

 

The chemical energy per mass of the H2 (120 MJ kg-1) is approximately three times 

greater than that of other chemical fuels (e.g., on average the equivalent value for liquid 

hydrocarbons is 43 MJ kg-1)5. However the energy density of hydrogen (on volumetric 

basis) is very low compared to gasoline or other hydrocarbons. For example, 1 L of 

gasoline (31.7 MJ/L, 8.8 kWh/L) contains approximately six times as much energy as a 

litre of hydrogen compressed to 70 MPa (4.7 MJ/L, 1.3 kWh/L)5. Materials based 

hydrogen storage has demonstrated the ability to increase the density of hydrogen by a 

factor of more than twice that of liquid hydrogen, resulting in hydrogen densities of up 

to 21.1 MJ/L hydrogen5. 

 

Hydrogen is widely known as a promising energy carrier for the transportation sector. 

However, at present, no known material or storage means exists that satisfies all 

requirements to enable high-volume automotive application such as the ability to store 
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hydrogen at adequate densities as well as release hydrogen at sufficient rates. 

According to the US Department of Energy (D.O.E.)6-8, transition to using hydrogen 

storage technology in vehicles might first include its implementation in specialty vehicles 

(forklifts, mining vehicles and airport ground support), portable power supply (laptops, 

mobile phones, emergency lights and military radios) and stationary power supply 

(remote-area power supply (RAPS), uninterrupted power supply (UPS) and renewable 

energy storage system). Due to this fact, research into materials based hydrogen storage 

has grown significantly over the past decade5,9-11. 

 

 

1.1.1 Project Aims and Significance 

 

The primary focus of this project was to synthesise and to investigate the properties of 

nanoparticles (Al and AlH3) and intermetallic compounds (TiMn alloys) as suitable 

candidates for material based hydrogen storage (hydride materials) in specialty vehicles, 

portable power supply and stationary power supply applications. For this type of 

application, the location between hydride material and fuel cell (Fig. 1-1) or the location 

of the hydride material between an electrolyser and a fuel cell (Fig. 1-2) sets rather strict 

boundary conditions for the performance of the hydride material. The selected fuel cell 

operates at atmospheric pressure therefore it must be possible to discharge the hydride 

against a 1 bar pressure with minimum operating temperature (10 - 70 C)2,12,13. On the 

other hand the maximum charging pressure is limited by the electrolyser. The maximum 

charging pressure was reported to be in the 10 - 20 bar14 range but with present 

electrolyser technology, this charging pressure can be achieved at 30 - 70 bar15,16. 

Therefore a suitable metal hydride should be able to operate at the temperatures and 

pressures that the electrolyser and fuel cell require. 
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Figure 1- 1.Schematic of a typical telecommunication back-up power system5. 

 

For renewable energy-hydrogen systems (Fig. 1-2), solar and wind energy can be used to 

produce hydrogen by water electrolysis14,17-19. Water electrolysis is a method for 

converting electrical energy into a chemical form. The power required for hydrogen 

production can be supplied through a solar photovoltaic (PV) array or wind turbine. 

Hydrogen produced can be stored in metal hydrides and later can be converted back 

into electricity using a fuel cell. This electricity can be used to supply a load greater than 

the PV and wind turbine can supply alone. Unfortunately, solar and wind energy are not 

reliable because of their dependence on natural phenomena. Solar energy is not 

available at night or during cloudy conditions. Wind energy is also available 

intermittently and with variable capacity. This makes it difficult to obtain a continuous 

energy flow, and consequently the impossibility of supplying the time-varying load 

demand of the users in different locations. So the advantage of an energy storage 

system is that the energy can be stored as hydrogen that can be stored for a long period 
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of time to overcome the intermittence of renewable energy sources. In addition, when 

the system is in operation it has zero greenhouse gas emissions. The system is classified 

as a stand-alone power supply system because the power supply to a household does 

not need to be connected to the main electricity grid. For other portable and stationary 

back-up power applications (Fig. 1-1), the system consists of a hydride material, fuel cell 

and battery/capacitor without using an electrolyser5. Compared to batteries and 

generators, fuel cells offer longer continuous run time, lower maintenance costs and 

greater durability in harsh environments over a wider range of temperatures 5,20. 

 

For specialty vehicles applications, the system consists of a hydride material, fuel cell, 

balance of plant (BOP) components, along with a battery/ultra capacitor to provide 

additional power for start-up, heavy lifting and pushing transients5. This system involves 

movement of materials and equipment from one work station to another5,12. The 

operational time of these types of vehicles can vary significantly over a shift, ranging 

from a few hours to 24 hours per day. The power load during operation is generally 

somewhat transient where the load varies over each operational shift.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1- 2.Schematic of a typical renewable energy-hydrogen system. 
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For Al and AlH3 nanoparticles 

 To synthesise nanoparticles (Al and AlH3) via mechanochemical techniques. The 

objective is to decrease the hydrogenation pressure from 28 kbar (this pressure is much 

too high to be of practical use) using a supercritical solution of CO2 mixed with hydrogen 

and to systematically measure the relationship between particle size and hydrogen 

storage properties of the synthesized nanoparticles in the size ranges of 1 – 100 nm (the 

thermodynamic and kinetic properties of Al-H system are expected to be altered by 

particle size) to make it suitable for portable and stationary back-up power applications.  

 

For Intermetallic compounds: 

 To synthesise intermetallic compounds (TiMn alloys) via mechanical alloying 

techniques. The objective is to optimize the pressure, temperature, kinetics and cycling 

characteristics of low wt.% materials to make it suitable for a stationary renewable 

energy storage system coupled with an electrolyser. 

 

 

1.1.2 Research Plan 

 

Based on the significance and objectives mentioned in the previous section, the 

proposed research plans were as follows: 

 

 Synthesised nanoparticles (Al and AlH3) 

o To investigate the effect of using different buffer amount and milling time in 

synthesizing nanoparticles by using x-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy 

dispersive spectrometer (EDS) and small angle x-ray scattering (SAXS).  
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o To investigate the hydriding properties (thermodynamic and kinetics of 

absorption and desorption) by using supercritical fluid chromatography 

(SCF) and high pressure hydrogen absorption. 

 

 

 Synthesised intermetallic compounds (TiMn alloys) 

Prior to synthesising TiMn intermetallic compounds, the commercial alloy 

(Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5) was characterized with respect to its structure, 

morphology and hydriding properties in order to understand the effect of substituting Zr 

for the Ti site and V, Fe, Cr and Al for the Mn site within TiMn alloy. Based on these 

results, different TiMn alloy compositions and its partial substitution were synthesised. 

o To investigate the effect of using process control agent (PCA) and different 

ball to powder ratio (BPR) in synthesising intermetallic compounds by using 

x-ray diffraction (XRD), scanning electron microscopy (SEM) and energy 

dispersive spectrometer (EDS). 

o To investigate the effect of different alloy compositions and partial 

substitution in their crystal structure, phase component and hydriding 

properties by using x-ray diffraction (XRD), manual rig and automatic rig. 
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1.2 Electrolyser 

Electrolysis is the route of a direct electric current through an ionic substance (either 

molten or dissolved in a suitable solvent), resulting in chemical reactions at the 

electrodes and separation of materials (Fig. 1-3). The main components required to 

achieve electrolysis are an electrolyte, a direct current (DC) supply and two electrodes. 

 

 

Figure 1- 3.Schematic of an electrolysis cell21. 

 

At the moment most commercial electrolysers (Table 1-1) use two different 

technologies which are alkaline and proton exchange membrane solid polymer (PEM) 

electrolysis (Figure 1-4 and Table 1-2)22. 

 

 

 

http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Electrode
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Table 1- 1:Commercially available electrolysis units23,24. 

Company Technology Operating Range Available Today 

  System Energy 
Requirement 
(kWh/kg) 

H2 Production 
Rate  
(kg/yr) 

Power 
Required for 

Max. H2 
Production 

Rate 
 (kW) 

H2 Product 
Pressure  
(bar) 

Avalence Unipolar 
Alkaline 

56.4 - 60.5 320 - 3600 2 - 25 Up to 690 

Proton PEM 62.3 - 70.1 400-7900 3 - 63 ~14 
Teledyne Bipolar Alkaline 59.0 - 67.9 2200-33,000 17 - 240 5 - 8 
Stuart Bipolar Alkaline 53.4 - 54.5 2400-71000 15 - 360 25 
Norsk 
Hydro 

Bipolar Alkaline 
(high pressure) 

53.4 7900-47,000 48 - 290 ~16 

Hystruc PEM - - - ~31 

 

 

 

 

Figure 1- 4 Principle of operation22. 
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Table 1- 2:Technical data of alkaline and PEM electrolyser22. 

Type  Temperature  
of  

operation 
(°C) 

Pressure  
of 
 

operation(bar) 

Electric 
consumption 

(kWh / Nm
3 

of 
H2) 

Energy 
Efficiency 

(%)  

Life 
duration 
(years) 

State  
of 

development  

Alkaline  
 

50 - 100  3 - 30  4 - 5  75 - 90  15 - 20  marketed  

PEM  
 

80 - 100  1 - 70 6  80 - 90 ~17  development  

 
 

 

1.3 Fuel Cell 
 

Fuel cells are electrochemical devices that directly convert chemical energy stored in 

fuels such as hydrogen to electrical energy and they produce only water as reaction 

product (Fig. 1-5)25. The cell consists of two electrodes that are separated by an 

electrolyte. The electrodes are connected through an external circuit. Hydrogen is 

oxidized at the negative electrode (the anode) according to equation (1.1)2. The protons 

formed enter the electrolyte and are transported to the cathode. At the positive 

electrode (cathode) oxygen reacts according to equation (1.2)2. Electrons flow in the 

external circuit during these reactions. The oxygen ions recombine with protons to form 

water as shown in equation (1.3)2. The reaction product water has to be removed from 

the cell2. 

H2  2H+ + 2e-                                                  (1. 1) 

O2 + 4e-  2O2-                                                                                                                                                                                         (1. 2) 

O2- + 2H+  H2O                                                                                                                         (1. 3) 
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Figure 1- 5.Schematic of a PEM fuel cell25. 

 

 

1.3.1 History 

 

In 1839, Sir William Robert Grove invented the first fuel cell26. In 1950s, General Electric 

Company (GE) began developing fuel cells and in 1962 the company was awarded the 

contract for the Gemini space mission12. The 1 kW Gemini fuel cell system had a 

platinum loading of 35 mg Pt/cm2 and performance of 37 mA/cm2 at 0.78 V27. In 1960s 

improvement were made by incorporating Teflon in the catalyst layer directly adjacent 

to the electrolyte, as was done with the GE fuel cell at the time12. Early 1970s onward, a 

fluorinated Nafion® membrane was fully adopted12. Research and development in 

PEMFCs did not receive much attention and funding from the federal government, in 

particular the U.S. Department of Energy (D.O.E.) and industry until a couple of decades 

ago or so when a breakthrough method for reducing the amount of platinum required 

for PEMFC were developed and subsequently improved by Los Alamos National 

Laboratory (LANL) and others12. This breakthrough method made it possible to increase 
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the utilization of active catalyst and at the same time to reduce the amount of precious 

platinum metal needed. Though many technical and associated fundamental 

breakthroughs have been achieved during the last couple of decades, many challenges 

such as reducing cost and improving durability while maintaining performance remain 

prior to the commercialization of PEM fuel cells2,12. 

 

 

1.3.2 Types of Fuel Cell 

 

Four categories of fuel cells with pure hydrogen as the fuel  are alkaline fuel cells (AFCs), 

phosphoric acid fuel cells (PAFCs), direct methanol fuel cells (DMFCs) and polymer 

electrolyte membrane (PEM/PEMFCs/PEFCs) fuel cells2,12. Among these fuel cells, the 

PEM fuel cell is a promising candidate as a next generation power source due to its 

properties such as low operating temperature, high power density and easy scale-up2,12. 

The four types of fuel cells are shown in Table 1-3. 

 

Table 1- 3:The summary of the four types of fuel cells2. 

Type Electrolyte Temperature of operation 

( ) 

PAFC Phosphoric acid 150 - 200 

DMFC Methanol 60 - 120 

PEM/PEMFC/PEFC Proton exchange membrane 40 - 90 

AFC Potassium hydroxide solution <80 
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1.3.3 Applications of PEM fuel cell technology and its current status 

 

Several reports have identified numerous near-term, non-automotive markets for the 

successful application of hydrogen and fuel cells including stationary, portable and 

specialty vehicles5,12,28. In these studies, the power of an electric passenger car, utility 

vehicles and buses range from 20 kW to 250 kW5. The stationary power provided by 

general fuel cells has a wide range, 1 - 50 MW5. Some small-scale stationary generation 

is 1 - 100 kW. The portable power is usually in the range of 5 - 50 W5. Appendix B shows 

a list of major companies in this fuel cell transportation, small stationary and portable 

sector29-32. The DOE recognizes that likely routes for commercialization of direct 

hydrogen fuel cells in vehicles, portable power supply and stationary power supply 

applications that may have fewer technical challenges than automobiles and therefore 

are expected to be more readily deployed5,12. 

 

 

1.4 Metal Hydride Storage 
 

1.4.1 Introduction 

 

Hydrogen can be stored as2: 

 Physical storage of compressed hydrogen gas in high pressure tanks (up to 

70 MPa). 

 Physical storage of cryogenic liquid hydrogen (cooled to -253 C) in insulated 

tanks. 

 Storage in advanced material – on the surface (physisorption / adsorption) 

or within the structure (chemisorptions / absorption) of certain materials, as 

well as in the form of chemical precursors that undergo a chemical reaction 
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to release hydrogen. The potential energy (Fig. 1-6) shows a shallow 

minimum for physisorbed hydrogen, a deep minimum for chemisorbed 

dissociated hydrogen, a rather deep minimum for near surface hydrogen and 

periodic minima for hydrogen dissolved on interstitial site for the host metal 

separated from each other by diffusion barriers33. 

 

 

Figure 1- 6.Schematic potential energy for dissociation of molecular hydrogen at an 
interface and the solution of hydrogen atoms in the bulk33. 

 

In other words, metal hydrides can be visualized as materials which are capable of 

functioning like a “sponge” for absorbing and “squeezing out” hydrogen, the mechanical 

action being provided by small change in temperature and pressure33. 
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1.4.2 PCT 

 

The metal-hydrogen system consists of a metallic material, hydrogen gas and an 

interface region between them as shown in equation (1.4)34. 

 

                                                                                            (1. 4) 

 

Hydrogen gas adsorbs onto the interface region. At the interface, the molecules are 

dissociated into individual hydrogen atoms that can absorb or dissolve into the metal 

phase. The random dissolution of hydrogen atoms in the metal phase is known as the -

phase. Within the metallic phase, the hydrogen atoms can start to arrange themselves 

in a specific configuration with the metal atom, forming the metal hydride phase, called 

the -phase. Where and how the -phase is nucleated and grows is a characteristic of 

the material35,36. 

 

 

Figure 1- 7.Pressure-concentration-temperature plot of a typical hydrogen absorption 
or desorption process (left) and van’t Hoff curve (right)36. 
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As long as the solid solution and the hydride coexist, the PCT curves (hydrogen pressure 

at a given temperature as a function of hydrogen concentration in the material) present 

a plateau. The length of this plateau represents the hydrogen amount which can be 

reversibly stored at that temperature by small pressure changes. When the  

transition is completed, the hydrogen pressure again increases sharply with the 

concentration. The region of the diagram where the two phases coexist ends at a critical 

point , over which the  transition is direct37. The equilibrium pressure is related 

to the entropy and enthalpy by the van’t Hoff equation that is plotted in the right 

section of Fig.1-736. When examining whether or not a particular metal hydride is suited 

to some applications, the temperature and pressure properties can be analysed in a 

van’t Hoff plot. The van’t Hoff equation (equation 1.5) related the equilibrium fugacity 

of hydrogen gas (feq in bar), a reference fugacity (f0) constant of 1 bar, the change in 

enthalpy (ΔH) between the hydride phase and non-hydride and hydrogen phases (J/mol 

H2), the change in entropy (ΔS) between the hydride phase and non-hydride and 

hydrogen phases (J/mol H2/K), the gas constant (R = 8.314472 J/mol/K), and the 

temperature (T) in K36,38. It should be noted that the van’t Hoff equation is often 

provided in the literature with a pressure term replacing the fugacity term in equation 

(1.5), which is not strictly correct and only valid at very low pressure where the ideal gas 

law can be assumed valid38,39. The fugacity (f) is the activity of the real gas which 

provides a better representation of the chemical potential of the system then pressure 

(p) itself. 

 

                                                                                                                     (1.5) 

 

 

van’t Hoff plots are very useful in the selection of metal hydrides as they clearly show 

which metal hydrides have the operating temperatures and pressures desired for a 

particular application. However, the representative of the van’t Hoff equation as a single 
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straight line is not correct, as effects such as hysteresis and plateau sloping give 

experimental van’t Hoff plots as a series of lines. 

 

 

1.4.3 Activation 

 

Activation is the procedure needed to hydride a metal the first time and to bring it up to 

maximum H-capacity and hydriding-dehydriding kinetics. The ease of H2-penetration 

depends on surface structure and barriers, such as dissociation catalytic species and 

oxide films. A second stage of activation involves internal cracking of metal particles to 

increase reaction surface area34,40. 

  

 

1.4.4 Kinetics 

 

The kinetics of hydride material involves the rate and mechanism(s) in hydrogen uptake 

and release. The mechanisms are includes surface interactions, mass transport 

phenomena and nucleation5. These mechanisms could act as the kinetic barrier. Kinetics 

of hydriding and dehydriding can vary markedly from alloy to alloy34. Many room 

temperature hydrides have excellent intrinsic kinetics, so that the cycling of storage 

containers tends to be limited by heat transfer designs or accidental surface 

contamination34. There are some materials that are kinetically limited, especially at low 

temperature34. Catalysts can also be added to metal hydride mixtures to aid the 

activation process if necessary41. The metal hydrides chosen for this system must have 

moderately high reaction kinetics at the chosen operating conditions, so that the cycling 

metal hydride can occur in a reasonable time period. For special vehicles, portable and 

static applications, the time to refuel the supply is not a critical as automobile 

applications5. Refueling may be accomplished off-board where the hydrogen fuel can 
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simply be exchanged. However, hydrogen release rates and conditions may be very 

similar to that of an automobile where the storage material should supply a hydrogen 

pressure of at least 0.5 MPa to fuel cell5. 

 

 

1.4.5 Cyclic Stability 

 

Alloys and intermetallic compounds are usually metastable and may disproportionate, 

which is the tendency to break up metallurgically to form stable, not easily reversed 

hydrides34. Even if very pure hydrogen is used, disproportionation can occur with a 

resultant loss of reversible capacity34. However, experimentation has shown that 

disproportionation can be reduced by heating of the metal hydride to temperatures 

above the operating conditions that originally produced the decrepitation42,43. Metal 

hydrides can experience a decrease in the amount of hydrogen they can absorb as they 

undergo extended cycling44,45. For the system to be sustainable and economically viable, 

it is necessary that the metal hydrides chosen have a high level of cyclic stability. The 

cyclic stability of the chosen metal hydrides will dictate the length of time for which the 

system can cycle without need of maintenance or replacement of components. 
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1.4.6 Hysteresis 

 

 

Figure 1- 8.Isothermal pressure-composition hysteresis loop 34. 

 

Many metals experience hysteresis as they cycle (Fig.1-8), where the pressure of the 

hydrogenation reaction is different to that of the dehydrogenation reaction. Hysteresis 

is affected by the history of a sample as well as the way it was prepared, so there can be 

differences in the hysteresis of the same metal hydride, based on these properties40.  
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1.4.7 Cost 

 

For material-based hydrogen storage to be a practical alternative for near-term markets, 

the cost of the materials must be competitive with that of storage in high pressure 

cylinders. In addition, the hydrogen-fuel cell system must be competitive with other 

forms of energy such as petroleum and diesel generators or batteries. According to the 

London Metal Exchange, the price for Al is about $3.04/kg46. For an alloy, the cost is 

influenced by several factors including the raw material cost, melting and annealing 

cost, metallurgical complexities, profit and the degree of PCT precision needed for the 

particular application10,34. For the TiMn alloy, the raw material costs are relatively 

inexpensive, with the exception of titanium. However ferro-titanium ($8.70/kg) is less 

expensive than pure titanium ($27.50/kg)47. Therefore having a hydrogen storage alloy 

with Ti and Fe components allows for a reduced system cost. 

 

 

1.5 Nanoparticles 

1.5.1 Properties 

 

Nanomaterials can be classified into nanocrystalline materials and nanoparticles. 

Nanocrystalline materials are polycrystalline bulk materials with grain sizes in the 

nanometers range (less than 100 nm), while nanoparticles refer to ultrafine dispersive 

particles with diameters below 100 nm48. Fig. 1-9 shows the two possible geometrical 

outcomes of the combined X-ray lineshape/TEM measurement technique for 

nanomaterials49. 
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Figure 1- 9.A typical schematic of nanocrystalline material (i) and nanoparticles (ii)49. 

 

Nanoparticles exhibit properties that differ substantially from those of bulk materials, as 

a result of a small particle dimension, high surface area, quantum confinement and 

other effects41. When the particle size is reduced beyond certain range (called critical 

particle size), most of the atoms will be exposed to the surface (high surface-to-volume 

ratio)48,50. For isolated spherical particles, the specific surface area (SSA) is equal to 

4πr2/(4/3πr3ρ)=3/rρ where r is the particle radius and ρ is its density51. For particles 

that are in contact with one another, their SSA is approximately half of this value51. 

From Fig. 1-10, it shows that the surface area directly alters the proportion of atoms at 

or near the free surface (i.e. ~30 - 50% of the atoms in a 5 nm particle are influenced by 

its surface compared to a few percent for a 100 nm particle)51. It is at this region where 

the properties of the material begin to differ drastically from that of the bulk materials. 
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Surface atoms have lower coordination than that in bulk materials50. Generally they are 

found to occupy the less stable top and bridge sites50. Therefore the average number of 

bonds between constituents is lower for smaller clusters50. This could explain why the 

decomposition temperature, the kinetics and thermodynamics of hydrogen uptake and 

release can be improved by using nanoparticles instead of bulk metal hydride 

materials41,50,52-54. 

 

 

Figure 1- 10.Specified surface area values of different sized Al nanoparticles using 
theoretical calculation. The Al nanoparticles are assumed not in contact with one 

another51. 
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1.5.2 Synthesis 

 

Many techniques have been developed for the synthesis of nanoparticles including 

vapor, liquid and solid-state approaches48,55,56. The vapor approach involves physical 

vapor deposition, chemical vapor deposition and aerosol spraying. The liquid 

approaches range from sol-gel to wet chemical methods. The solid-state approach takes 

place by mechanical milling, mechanical alloying, mechanochemical and cryomilling. 

Herein the mechanochemical and cryomilling techniques are utilised for synthesising Al 

and AlH3 nanoparticles.These techniques have been shown to have advantages over 

other methods of producing nanoparticles in terms of low cost, small particle sizes, low 

agglomeration, narrow size distributions and uniformity of crystal structure and 

morphology55,57,58. Mechanical alloying technique is utilized for processing intermetallic 

compound. This technique has been used to produce several advanced materials such as 

equilibrium, nonequilibrium (amorphous, quasicrystals, nanocrystalline) and composite 

materials56,59.   

 

 

1.5.2.1 Mechanochemical 

 

This technique is based on the following solid state displacement reaction as shown in 

equation (1.6)48 

 

                                                               (1. 6) 

 

where  and B are precursors, A is the desired product and  is a by-product of the 

reaction. It involves mechanical activation of this solid state displacement reaction in a 

ball mill. Therefore mechanical energy is used to induce chemical reactions. The 

precursors typically consist of mixtures of oxides, chlorides and/or metals that react 

either during milling or during subsequent heat treatment to form a composite 
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powder48. This composite powder consists of the dispersion of ultrafine particle within a 

soluble salt matrix. Usually a buffer, often the by-product of the reaction (salt matrix), is 

added to the starting precursors during the mechanochemical technique. Addition of 

buffer can control the particle size distribution, to prevent their subsequent growth and 

suppress their agglomeration. The ultrafine particles are then recovered by selective 

removal of the matrix phase through washing with an appropriate solvent55,57,58,60. 

 

1.5.2.2 Cryomill 

 

This process involves milling at cryogenic temperatures (77 K) and/or milling of materials 

is done in cryogenic media such as liquid nitrogen56,61. The advantages of using 

cryomilling compared with milling at room temperature is that the extremely low 

temperature of liquid nitrogen will suppresses recovery and recrystallization and leads 

to finer grain structures and more rapid grain refinement61. 

 

 

1.5.2.3 Mechanical Alloying 

 

This process involves milling mixtures of powders (of different metals or alloys) 

together. Material transfer is involved in this process to obtain a homogeneous alloy. 

Factors affecting the mechanical alloying are types of mills, types of milling tool, types of 

milling media, milling atmosphere, BPR, milling time and milling temperature48,56,59. 
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Figure 1- 11.Ball-powder-ball collision of powder mixture during mechanical alloying59. 

 

The main process takes place in a mill during mechanical alloying is the ball-powder-ball 

collision. Powder particles are trapped between the colliding balls during milling and 

undergo repeated welding, fracturing and rewelding processes which define the 

ultimate structure of the powder (Fig.1-11)56,59,62. In order to mechanically alloying 

successfully, a balance between fracturing and cold welding must be established56,59. 

However this condition is critical to achieve due to cold welding. Cold welding can be 

reduced by modifying the surface of the deforming particles by addition of suitable 

process control agent (PCA)56,59. This PCA will impede the clean metal to metal contact 

necessary for cold welding. Another approach is by modifying the deformation mode of 

the powder particles59. This will make the particles fracture before they are able to 

deform to the large compressive strain necessary for flattening and cold welding. This 

condition can be achieved by cooling the mill chamber.  
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1.5.2.3.1 Process Control Agent (PCA) 

 

PCA is also referred as lubricant or surfactant. They can be solids, liquids or gases. A PCA 

is added to the powder mixture during milling to reduce the effect of cold welding56,59. 

The most important PCAs include stearic acid, hexane, methanol and ethanol56. Majority 

of these PCAs decompose during milling, interact with the powder and form compounds 

and these get incorporated in the form of inclusions and/or dispersion into the powder 

particles during milling56.  
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CHAPTER 2: Experimental 

2.1 Material synthesis 

2.1.1 Glove box 

 

Unless otherwise specified all reagents and reactions were prepared in an mBraun, 

argon glove box (Fig. 2-1). The glove box function is to minimise oxygen (O2 <5 ppm) and 

moisture (H2O <1 ppm) contamination of samples by monitoring the oxygen and 

moisture content, and constantly purifier the glove box with argon whenever the 

oxygen and moisture content reach an unwanted level. The glove box has a large and 

small antechamber which can be evacuated for putting items (chemicals, samples and 

apparatus) inside or outside the glove box. 

 

 

 

Figure 2- 1.The mBraun glove box. 
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2.1.2 Aluminium nanoparticles 

 

The starting reagents were Li (Sigma-Aldrich, 99.9%), AlCl3 (Sigma-Aldrich, 99%) and 

LiCl (Sigma-Aldrich, 98%). 

 

Milling was performed using a custom-made 316 stainless steel ball milling canister (Fig. 

2-2a) attached to a Glen Mills Turbula T2C shaker mixer (Fig. 2-2b). The particle and 

grain size of the starting reagents used in mechanochemical synthesis can have a 

significant effect on the resulting product phase particle size63. Therefore the reagents 

were all individually pre-milled for 12 h prior to use. LiCl was used as a buffer. Then the 

mixture of starting reagents with different LiCl:Al volume ratios (6.786:1, 9.665:1 and 

12.544:1)  were milled for another 6 h using a ball to powder mass ratio of 35:1 with 316 

stainless steel balls of 7.9 mm and 12.7 mm diameter (Fig. 2-2a).  

 

 

Figure 2- 2.(a) A custom made ball milling canister with 650 cm3 internal volume and 
balls of 7.9 mm and 12.7 mm diameter (b) A Glen Mills Turbula T2C shaker mixer. 

 

To remove the LiCl by-product / buffer phases, the reacted particles were washed with 

30 ml of tetrahydrofuran (THF) solvent by stirring for 2 h using a magnetic stirrer (Fig. 2-

3). Samples were sealed within 50 ml fluorinated ethylene propylene (FEP) centrifuge 

tubes (Fig. 2-4b). Following each wash, the particles were recovered from the solvent by 
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means of centrifugation (Fig. 2-4a). Centrifugation was undertaken until liquid / solid 

particle separation was complete. The liquid phase was then decanted via syringe or 

pipette within a glovebox. These washing steps were repeated 3 times until the solvent 

was completely removed. Washed particles were subsequently dried overnight under 

argon. 

 

 

Figure 2- 3.A magnetic stirrer was used to wash the synthesised particles with THF. 
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Figure 2- 4.(a) A UNIVERSAL320 centrifuge (9000 rpm) was used for centrifugal 
separation of solid-liquid samples (b)50 ml fluorinated ethylene propylene (FEP) 

centrifuge tubes . 

 

 

2.1.3 Alane nanoparticles 

 

The starting reagents were LiAlH4 (Sigma-Aldrich, 95%), AlCl3 (Sigma-Aldrich, 99%) and 

LiCl (Sigma-Aldrich, 98%).  

 

Milling was performed in a SPEX 6850 cryomill using a custom-made 440c stainless steel 

rod milling canister (Fig. 2-5b) held within two electromagnets in a chamber that is filled 

with liquid nitrogen (Fig. 2-5a). Cryogenic milling is the preferred synthesis method in 

synthesising AlH3 because low milling temperatures restrict AlH3 decomposition. The 

small milling rod (32 g) is magnetically displaced 20 times per second with 1 g sample 

quantities placed within the canister between the end caps to provide a milling action at 

77 K. LiCl was used as a buffer. The mixture of starting reagents with different LiCl: AlH3 

volume ratios (0.76:1, 2:1, 5:1 and 10:1) were milled for 30 minutes using a rod to 
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powder mass ratio of 32:1 respectively. The sample was milled in a stepwise fashion 

(milled for 2 – 5minutes and stopped for ~30 minutes incrementally) in an attempt to 

restrict the amount of heat build-up during milling. 

 

 

Figure 2- 5.(a) The SPEX6850 Freezer mill equipment  and a (b) custom-made rod 
milling canister with 14.3 cm3 internal volume. 

 

 

2.1.4 Titanium manganese (TiMn) alloy 

2.1.4.1 Commercial sample 

 

The Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy was investigated as-supplied without 

further alteration from Sigma-Aldrich Australia. 

 

 

2.1.4.2 Synthesised samples 

2.1.4.2.1 Mechanical Alloying Technique 

 

The starting materials were Ti (Aldrich, 99.7%, -100 mesh), Zr (Aldrich, 99.7%, -100 

mesh), Mn (Aldrich, 99.99%) and Cr (Aldrich, 99+%, -325 mesh).  
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Five alloys of nominal composition TiMn2, TiMn1.5, Ti0.97Zr0.019Mn1.5Cr0.57 and 

Ti0.7875Zr0.2625Mn0.8Cr1.2 were prepared by mechanical alloying the starting materials with 

toluene in a custom made ball milling canister (650 cm3 internal volume) attached to a 

Glen Mills Turbula T2C shaker-mixer. Toluene was used as a process control agent. 

Milling was performed under a high purity argon atmosphere using a ball-to-powder 

(mass) ratio of 12:1 with balls of 7.9 mm and 12.7 mm diameter and milling time of 40 h. 

The as milled samples were removed from the canister in a glove box under argon. The 

samples were put into the 316 stainless steel sample cell and annealed at 800°C under 

vacuum for 3h. Reactive powders like Ti and its alloy powders react rapidly with oxygen, 

nitrogen and hydrogen56,64. The levels of oxygen and water vapour must be kept very 

low for an optimum result64. This can be achieved either by annealing under 100 % 

argon or vacuum64,65. DSC and DTA measurements showed that the crystallization 

temperature of the as-milled TiMn samples were around 700 – 900 C65,66. Heating to 

these crystallization temperatures led to the formation of the crystalline phase TiMn 

alloy.  

 

 

2.2 Characterization 

2.2.1 X-ray diffraction (XRD) 

 

The chemical evolution of the reactant mixtures during processing (Al and AlH3) and the 

lattice parameter before and after hydrogenation (TiMn alloys) were conducted using 

the X-Ray Diffraction (XRD) technique. This technique was performed using a BrukerD8 

Advance diffractometer (Cu Kα radiation) with a 2  range of 20° - 100° using 0.02° steps 

with operating conditions of 40 kV and 40 mA (Fig. 2-6a). The instrument configuration 

is given in Table 2-1. The sample was loaded into an XRD sample holder in an argon 

glovebox and sealed with a poly (methyl-methacrylate) (PMMA) airtight bubble to 

prevent oxygen/moisture contamination during data collection (Fig. 2-6b). The 
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crystallite sizes were determined from an LVol-IB method that provides a good measure 

of the volume-weighted average crystallite size67. The structural parameters were 

refined from the diffraction data using Rietveld refinement in TOPAS (Bruker AXS, 

Karlsruhe, Germany) via a fundamental parameters approach. 

 

 

 

Figure 2- 6.(a) The Bruker D8 Advance diffractometer at Curtin University and (b) a 
poly ( methyl-methacrylate) (PMMA) airtight bubble. 
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Table 2- 1:X-Ray Diffraction (XRD) instrumental parameters. 

Parameter D8 

Radiation (wavelength) Cu (1.5418 Å) 

Operating voltage 40 kV 

Operating current 40 mA 

Detector Linear PSD (3º 2θ) 

Monochromator (Ni filter) 

Lorentz-Polarisation factor 0 

Goniometer radii 250 mm 

Source length 12 mm 

Sample length 25 mm 

Receiving slit length 17 mm 

Receiving slit width - 

Fixed divergence slit angle 0.3  

Primary Soller slit angle 2.5  

Secondary Soller slit angle 2.5  
 

 

2.2.2 Scanning Electron Microscope (SEM) 

 

Microstructural observations of as-received and hydrogen cycled alloys were conducted 

on a Philips XL-30 Scanning Electron Microscopy (SEM) at Curtin University using a 

secondary electron detector whilst operating at 15 keV (Fig. 2-7a). The microscope was 

coupled with an Oxford Instruments energy dispersive X-Ray spectrometer (EDS) for 

elemental analysis. Samples were briefly (<1 - 2 min) exposed to air and were not coated 

prior to imaging in the SEM. Samples were prepared by sprinkling the particles onto 

carbon tape fixed to a SEM sample holder (Fig. 2-7b and c). 
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Figure 2- 7.(a) The Philip XL-30 scanning electron microscopy at Curtin University (b) 
SEM sample holder (c) Carbon tape was placed on the top of the SEM sample holder 

before the sample particles were sprinkled on it. 

 

 

2.2.3 Energy Dispersive X-ray Spectrometer (EDS) 

 

EDS provides elemental analysis of selected sample regions during transmission electron 

microscopy (TEM) investigations. The interaction between charged electrons and 

different elemental constituents of the sample cause characteristic x-rays to be emitted, 

which can be detected by a detector with a range of energy channels. Each element 
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emits x-rays with different energies allowing elemental determination. The electron 

beam can be directed toward specific parts of a sample during imaging allowing EDS to 

be performed on minor sample features of interest. 

 

 

2.2.4 Transmission Electron Microscopy (TEM) 

 

The particle morphology and high resolution transmission electron microscopy (HRTEM) 

for lattice imaging of individual unwashed and washed samples was examined by using a 

JEOL 3000F FEGTEM instrument operating at 300 kV at the University of Western 

Australia and JEOL JEM2011 instrument operating at 200 kV at Curtin University (Fig. 2-

8). The microscope was coupled with an Oxford Instruments energy dispersive X-Ray 

Spectrometer (EDS) for elemental analysis.  

 

 

Figure 2- 8.The JEOL JEM2011 instrument at Curtin University. 
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Samples were prepared by ultrasonically dispersing the unwashed and washed particles 

in toluene (Fig. 2-9a) and then evaporating a drop of the dispersion onto 200 mesh 

copper grids with holey carbon support films (Fig. 2-9b). Samples were briefly (<1 - 2 

min) exposed to air prior to imaging in the TEM.  

 

 

 

Figure 2- 9.(a) An ultrasonic bath equipment  and (b) TEM sample preparation 
apparatus. 
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2.2.5 Small X-ray Scattering (SAXS) 

 

Figure 2- 10.SAXS optics. Graphic courtesy of Mark Paskevicius 39. 

 

In Fig. 2-10, x-rays are generated, collimated by the Göbel mirrors and a pinhole and 

then encounter the sample. When the x-rays encounter the sample, they are scattered 

and are projected upon a 2-dimensional detector whilst the primary beam is halted by a 

beamstop. The scattered x-rays are due to interaction between the incident x-ray wave 

and the electrons within the sample. An oscillating electric moment was produced in the 

atom which produced scattered field. The scattered intensity is measured as a function 

of the scattering angle. For analysis purpose, the scattered intensity is measured as a 

function of the scattering vector according to equation 

                                                                                                                                (2. 1) 

where  is the scattering angle and  is the wavelength (CuK =1.5418 Å). 

 

The average particle size was recorded with a Bruker Nanostar SAXS instrument at 

Curtin University (Fig. 2-11). Samples were loaded within glass capillaries (1.0 mm 

diameter) and sealed temporarily with plasticine in an argon glovebox. Then the 
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capillaries were sealed permanently with a flame outside the glovebox to prevent 

contamination during data collection. Data were recorded at a detector distance of 23.2 

cm using a wavelength, λ, of 1.5418 Å (Cu Kα) with a 2D multiwire detector for 3 h per 

sample. These data were converted to absolute intensity, (details can be found 

elsewhere 39). 

 

 

Figure 2- 11.(a) The Bruker Nanostar SAXS instrument at Curtin University and (b) 
capillary glasses with 1.0 mm diameter. 
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When the data has been converted to absolute intensity scale, a unified Guinier/power-

law approach (details can be found elsewhere68-70) was used to model the converted 

data by using the Irena package71 for IGOR Pro (Wavemetrics, Oregon).  

 

The Irena package provides a fitting package that enables the user to obtain the relevant 

parameters from the unified model. The small angle scattering data set must be 

converted to an absolute scale first in order to obtain accurate values for the power-law 

prefactor constant B and the Guinier exponential prefactor G. Irena also provides a 

global normalised mathematical fitting uncertainty and mathematical fitting 

uncertainties for each of the refined variables in the unified model. Then from this 

unified model, the relevant parameter such as the average particle size, specific surface 

area or volume fractions can be identified72 and the physical properties of the sample 

interest(aggregate, primary particle and atomic structure) can be interpreted. 

 

 

2.3 Hydrogen Measurement Equipment 

2.3.1 Types of equipment 

 

There are 3 types of hydrogen sorption equipment to measure the quantity of absorbed 

and desorbed hydrogen from a sample73,74. The gravimetric apparatus 

(thermogravimetrics), where the sample weight loss is measured; the volumetric 

apparatus (sieverts / manometric), where the hydrogen pressure changes due to 

hydrogen sorption in the reaction chamber of known volume is measured and the 

volumetric apparatus (flow-controlled), where the quantity of gas by integrating gas 

flow over the time period required to fill the sample cell is measured. 

 

In this study, hydrogen sorption measurement were undertaken using custom made 

volumetric apparatus (Sieverts) as shown in Fig. 2-12 (manual rig), Fig. 2-13 (automatic 

rig), Fig. 2-14 (supercritical carbon dioxide rig (ScCO2) and Fig. 2-15 (high pressure rig).  
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2.3.1.1 Manual Rig 

 

 

Figure 2- 12.A custom made manual rig at Curtin University. It consist of (1) valve 1, (2) 
valve 2, (3) valve 3, (4) valve 4, (5) thermocouple  and (6) tube furnace. 

 

A manual sieverts apparatus75 was utilised with 316 stainless steel components 

(Swagelok, Australia) and only the calibration volume component that is built from 304 L 

stainless steel. It has 2 distinct volumes (reference volume and sample side volume) and 

the diaphragm valves operate manually. This apparatus was rated up to hydrogen 

pressures of 24 MPa.   

 

The pressure is measured using a pressure gauge (Rosemount, model 3051S, Emerson 

Process Management, Australia) with a precision and accuracy of 14 mbar. This pressure 

gauge operates using ‘gauge pressure’ that is relative to atmospheric pressure. 

Therefore an atmospheric pressure reading is also recorded using a barometer 

(Baromec M1975, Mechanism Ltd., England). 

 

The temperature is measured using a thermocouple (K-type, Hinco Instruments,  

Australia). It penetrates deep within the reference volume in order to determine the 

ambient temperature. For higher temperatures application, a Labec tube furnace were 
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used (Laboratory Equipment P/L, Australia) where the temperature was calibrated using 

a K-type thermocouple at a set sample depth. For cryogenic temperature (77 K), the 

sample cell was put into a flask filled with liquid nitrogen during the measurement. 

 

For the hydrogen absorption measurement, this apparatus operates by inputting 

hydrogen gas into a known reference volume (Vr) to the desired pressure at a given 

temperature (Valve 1 is slowly opened and then closed). The pressure and temperature 

are recorded as initial reference side pressure (Pr) and initial reference side temperature 

(Tr). Then the hydrogen gas is allowed to enter the known sample side volume (Vs), 

which also contains the sample of interest (Vsample) (Valve 4 is slowly opened). Once 

equilibrium has been reached between the hydrogen gas and the sample, the pressure 

and temperature are recorded again (Valve 4 is slowly closed). This time the pressure 

and temperature are recorded as final equilibrium pressure (Pe) and final equilibrium 

temperature (Te). These steps are then repeated until no absorption takes place and the 

sample has reached its maximum hydrogen content for a given pressure and 

temperature. The values of Pe and Te become the initial sample side pressure (Ps) and 

initial sample side temperature (Ts) respectively. 

 

For hydrogen desorption measurements, this apparatus operates by evacuating the 

system for 30 minutes (Valve 3 and 4 are slowly opened). Then the initial reference side 

pressure (Pr) and initial reference side temperature (Tr) are recorded (Valve 3 and 4 are 

slowly closed). At this time the Pr is recorded as zero. Valve 4 is then opened and once 

the equilibrium has been reached between the sample and the hydrogen gas, Valve 4 is 

slowly closed. The pressure and temperature are recorded again. This time the pressure 

and temperature are recorded as final equilibrium pressure (Pe) and final equilibrium 

temperature (Te). These steps are then repeated until no desorption takes place and the 

sample has released its maximum hydrogen content. The values of Pe and Te become the 

initial sample side pressure (Ps) and initial sample side temperature (Ts) respectively. 
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The details of hydrogen sorption calculations can be found in section 2.3.2 of this 

chapter. For the hydrogen desorption measurements of AlH3, analysis on any residual 

gas was not undertaken. This is due to the fact that AlH3 contains 10.1 wt.% hydrogen 

and this value is consistence with the result obtained for the desorption measurement 

of AlH3. 

 

2.3.1.2 Automatic Rig 

 

 

Figure 2- 13.A custom made automatic rig at Curtin University. It consist of (1) valve 1, 
(2) valve 2, (3) valve 3, (4) valve 4 and (5) valve 5. 

 
An automated Sieverts apparatus39 was utilised, with computer controlled pneumatic 

valves and computer inputs for pressure and temperature as shown in Fig. 2-13. 
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The temperature measurements were recorded using a 4-wire platinum resistance 

temperature device (RTD).  

 

The pressure was recorded using a digital pressure gauge (Rosemount 3051S calibrated 

up to 150 bar with a precision and accuracy of 14 mbar). 

 

2.3.1.3 ScCO2 Rig 

 

 

Figure 2- 14.A custom-made supercritical carbon dioxide (ScCO2) rig at Curtin 
University. It consist of (1) CO2 delivery, (2) H2 compressor, (3) CO2 condenser, (4) 
expander (5) high pressure reaction vessel, (6) thermostat and (7) thermocouple. 

 

A ScCO2 Sieverts apparatus was utilised using the same principles and components as a 

manual apparatus, but with a 50 ml stainless steel high pressure reaction vessel, CO2 

pump (CO2 condenser and CO2 delivery), H2 compressor, expander, thermostat and the 
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apparatus was rated up to hydrogen pressures of 660 bar. Liquid CO2 and H2 gas were 

admitted to high pressure reaction vessel and the reaction mixture in this vessel was 

then heated to 40 - 50°C, thereby forcing the CO2/H2 mixture into supercritical phase.  

 

2.3.1.4 High pressure Rig 

 

 

Figure 2- 15.A custom made high-pressure rig at Curtin University. It consists of (1) H2 

compressor, (2) expander, (3) sample chamber and (4) thermocouple. 

 

A high pressure Sieverts apparatus was utilised having the same principles and 

components as a manual apparatus, but with stainless steel high pressure reaction 

vessel, H2 compressor, expander and the apparatus was rated up to hydrogen pressures 

of 4 kbar.  For hydrogen desorption measurements, the pressure was recorded using a 

digital pressure gauge (Rosemount 3051S). For hydrogen absorption measurements, the 

pressure was recorded using a pressure indicator (WIKA PH6400 calibrated up to 4 kbar 

with an accuracy of 0.1% full scale) or a digital pressure gauge (Rosemount 3051S). In 
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the case where Rosemount 3051S was used, the sample chamber must be held in a flask 

that is filled with liquid nitrogen during pressure and temperature measurement to 

avoid any damage to the digital pressure gauge and the actual pressure was calculated 

using an iterative solving technique (details can be found in Appendix C). The hydrogen 

absorption measurements were also repeated where a pressure indicator (Presens 

Precise calibrated up to 2 kbar with an accuracy of 0.02% full scale) was used to record 

the pressure. 

 

According to the ideal gas law , if the temperature changes and the number 

of gas molecules are kept constant, then either pressure or volume (or both) will change 

in direct proportion to the temperature76. In this case when the sample chamber is held 

in liquid nitrogen, the samples underwent pressures of 280 bar at -196 C. When the 

sample chamber is held out of liquid nitrogen, the pressure increased from 280 to 1420 

bar at 25 C. When the sample chamber was heated at 50°C, 100°C and 150°C, the 

pressure increased to 1532, 1734, 1967 bar respectively. 

 

The temperature measurements were recorded using a k-type thermocouple in both 

cases. 

 

2.3.2 Hydrogen sorption calculations 

 

An outline of the steps involved in calculating nADS, the total number of moles absorbed 

by the sample at ambient and non-ambient temperature can be found in Appendix D75. 

 

 



46 
 

2.3.3 Hydrogen sorption procedure 

2.3.3.1 Aluminium nanoparticles 

 

Unwashed and washed Al nanoparticles were loaded in a 50 ml stainless steel high 

pressure reaction vessel under an argon gas atmosphere (Fig. 2-14). Before any 

measurements were undertaken, the reference volume and reaction vessel were 

completely evacuated for 30 minutes at 25°C. Liquid CO2 (150 - 200 bar) was admitted to 

this vessel from a CO2 cylinder with the aid of a CO2 pump (CO2 condenser and CO2 

delivery).  H2 (150 - 250 bar) was added from the H2 cylinder to this vessel with the aid 

of a H2 compressor. The reaction mixture in this vessel was then heated to 40 - 50°C, 

thereby forcing the CO2/H2 mixture into supercritical phase for 1 week. The CO2 

becomes supercritical at 73.8 bar and 31.1 C. At this point, the vessel was cooled to 

room temperature and all volatile material was removed by venting and pumping for 1 

h. The reaction vessel was then disconnected from the other components and 

transported into an inert atmosphere glove box. The hydrogen desorption properties of 

the samples were determined using a custom-built automated Sieverts apparatus (Fig. 

2-13). Before any measurements were undertaken, the reference volume and sample 

chamber were evacuated for 1 h at 25°C. Once this process was complete, the 

desorption measurements of pressure and temperature were recorded over the next 48 

hours. The samples were heating at 100°C to test for hydrogen release.  

 

2.3.3.2 Alane nanoparticles 

 

The hydrogen desorption properties of the samples were determined using a custom-

built manual Sieverts apparatus (Fig.2-12). Before any measurements were undertaken, 

the reference volume and sample chamber were completely evacuated for 30 minutes 

at 25°C. Then the samples were left at room temperature for 24 hours, followed by the 

sample chamber heated to 50°C, 100°C and 150°C and held at each temperature for 24 
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hours respectively in order to study the kinetic property and maximum desorbed H2 

wt.% of the samples.   

 

Hydrogen absorption measurements were performed in a high pressure Sieverts 

apparatus (Fig. 2-15).Non-ambient sample temperatures were generated using a sealed 

tube furnace. Before any measurements were taken, the synthesised samples were fully 

desorbed by heating at 150°C under vacuum for 24 h. Then the samples underwent 

pressures of 280 bar at -196 C, followed by the sample chamber underwent pressure of 

1420 bar at 25 C, 1532 bar at 50°C, 1734 bar at 100°C and 1967 bar at 150°C and held at 

each pressure for 24 hours respectively. In this case the actual pressure was calculated 

using an iterative solving technique (details can be found in Appendix C section of this 

chapter). 

 

2.3.3.3 Titanium manganese 

 

The hydrogen sorption properties of the alloy were determined using a custom-built 

automated Sieverts apparatus (Fig.2-13). Before any measurements were undertaken 

the sample was first evacuated for 1 h at 25°C to remove any adsorbed gas. Activation of 

the alloy was then undertaken by first introducing 50 bar of hydrogen into the sample 

chamber at room temperature for 1 h, followed by an evacuation step. This hydrogen 

absorption/desorption activation cycle was undertaken 3 times. After completion of the 

activation process, the residual hydrogen within the sample was removed via evacuation 

at room temperature for 24 h. The pressure-composition isotherm (PCI) measurements 

were subsequently performed at 25°C, 40°C and 60°C while being careful to verify that 

the sample was at pressure equilibrium at each collected data point. 
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CHAPTER 3: Aluminium nanoparticles 

3.1 Introduction 
 

Aluminium is cheap, safe, plentiful and is widely used in 21st Century technologies. It is 

the third most abundant element (after oxygen and silicon) and the most abundant 

metal in the earth’s crust as shown in Figure 3-177. It makes up about 8% by weight of 

the earth’s solid surface78,79.  

 

 

Figure 3- 1.The abundance (atom fraction) of the chemical elements in earth’s crust as 
a function of atomic number77. 
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Global production of aluminium was 31.9 million tonnes in 200580. It increased to 42 - 45 

million tonnes in 2012, driven by Chinese output80,81. Al is theoretically 100% recyclable 

without any loss of its natural qualities. Recycled Al is known as secondary Al but 

maintains the same physical properties as primary Al. At the London Metal Exchange, Al 

prices closed at $3,036.5/tonne or $3.04/kg (28th March 2012)82. 

 

 

3.1.1 Applications 

 

Al has found many applications in a wide range of household, transportation, packaging, 

construction and aerospace industries77,83,84. Micrometer-sized Al particles are used in 

paint85 and pyrotechnics (thermite reactions and solid rockets fuels)86,87. Recent 

research has focused on the application of Al nanoparticles in the medical88, and 

biochemical89 fields and to increase combustion efficiency of thermites and decrease 

the ignition time of propellant materials87,90. 

 

From an energy storage point of view, Al is a very attractive candidate for a 

development of high-capacity hydrogen storage material through its reaction with 

hydrogen91,92 to form AlH3
93,94. The major drawback is the extremely high pressure and 

temperature (28 kbar at 300 C) required for the absorption of gaseous H2 into bulk Al to 

produce AlH3
95. Since the temperatures and pressures required for the hydrogenation of 

bulk Al to produce AlH3 are much too high to be of practical use, it has been suggested 

that AlH3 might be made at lower temperatures and pressures using nanoparticulate Al 

54,96 and by using supercritical carbon dioxide fluids (scCO2)97,98.  

 

Theoretical calculations have shown that Al surfaces do not dissociate molecular 

hydrogen under normal conditions99 because Al has a low affinity for hydrogen due to a 

relatively large activation barrier100.Theoretical calculations for small Al clusters101 have 
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been compared to experimental results for the bulk102 in order to study the relationship 

between particle size and enthalpy for the Al-AlH3 system. Pressures greater than 2 kbar 

are required to introduce hydrogen into pure Al nanoparticles greater than 10 nm in size 

at temperature ranging from 77 to 473 K (-196 to 199 C)91. Reactive Al compounds that 

were nanosized and supported on surface-oxidized carbon nanofibers (CNF) or confined 

in ordered mesoporous silica (OMS) exhibit lower dehydrogenation temperature and 

faster kinetics than those of their bulk materials103,104. Much effort has been devoted to 

the synthesis of Al/AlH3 nanoparticles that can be stabilized by coatings or organic 

surface passivation agents for trapping Al particles to keep them nanoscale during the 

AlH3 decomposition and protecting the Al nanoparticles postproduction from surface 

oxidation105,106.  

 

Other studies used a mixture of supercritical CO2 and H2 with Al metal, resulting in 

partial hydrogenation, giving around 0.3 wt.% H2
97,98. Supercritical scCO2was used as a 

solvent to effect the hydrogenation of Al, thereby forming AlH3. The thermodynamic 

properties of AIH3 vitiate conventional gas-solid synthesis: AIH3 is thermochemically on 

the cusp with respect to decomposition to Al and H2 (α,  and  phases of AIH3 have 

ΔHdehyd values of ca.+6, -4 and +l kJ mol-I, respectively98. Thus, even at very high 

pressures of H2, the modest thermal input needed to overcome the activation barrier 

will place the system thermodynamically in favour of the elements (i.e. to the left of 

Equation 3.1)98.  

 

Al + 1.5H2 ↔ AlH3                                                                          (3. 1) 

 

Supercritical scCO2 has unique properties to overcome this antagonistic interplay 

between the kinetic and thermodynamic properties of the system107-109. The total 

miscibility of H2 with scCO2 is a distinct advantage in this respect, allowing effective 

concentrations of hydrogen equivalent to hundreds of bar to be attained easily and 

efficiently107-109, and favouring the thermodynamics of AIH3 over the elements. In other 
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words, hydrogenation of Al to formed AlH3 may be able to be accomplished at lower H2 

pressures using scCO2 fluid. The details can be found in section 3.2.2.3 of this thesis. 

 

 

3.1.2 Synthesis 

 

The popular and simple process for preparation of rather large Al nanoparticles has 

previously been achieved by chemical methods105. Method A consists of the 

following105: reaction of LiAlH4 and AlCl3 at 164°C in 1,3,5-trimethylbenzene produces 

nano-Al with an average mean coherence length (crystallite size) of 160 ± 50 nm. The 

by-product LiCl is removed by washing with MeOH at -25 or 0°C. Method B consists of 

the following105: nano-Al is produced by decomposition of H3Al(NMe2Et) under reflux in 

1,3, 5-trimethylbenzene (ca. 100 - 164°C), with or without added decomposition catalyst 

Ti(O-i-Pr)4. Here the mean particle size (40 - 180 nm) and degree of aggregation of the 

nano-Al depended on the mole percentage of decomposition catalyst used (0 - 1%). 

Later, this chemical method was modified by using ethylene glycol (EG) as a solvent 

instead of 1,2,3-trimethyl benzene, which produced Al with a 50 nm particle size110.  

 

Other researchers have also produced Al nanoparticles by using pulsed laser ablation of 

Al targets in ethanol, acetone and ethylene glycol111,112. Comparison between ethanol 

and acetone clarified that acetone medium leads to finer nanoparticles (mean diameter 

of 30 nm) with narrower size distribution (from 10 to 100 nm)111,112. However, thin 

carbon layer coats some of them, which was not observed in the ethanol medium. 

 

Reactive Al compounds (NaAlH4) have been nanosized and supported on surface-

oxidized carbon nanofibers (CNF) or confined in ordered mesoporous silica (OMS) by 

using impregnation and drying techniques103,113.The OMS consists of mesopores with a 

diameter of around 10 nm and the CNF diameter is 5 – 20 nm103,113. 
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A mechanochemical method has also been used to synthesise Al nanoparticles91. The 

synthesized nanoparticles were found to be ~25 - 100 nm from TEM and average size of 

55 nm was determined from SAXS measurements91. The mechanochemical technique 

involves mechanical activation of solid-state reactions caused by collisions between 

particles and balls inside a mill. It is a simple, economical and environmentally friendly 

technique. A buffer, often the by-product of the reaction, was added to the starting 

reagents during the mechanochemical reaction in order to control the particle size 

distribution, to prevent their subsequent growth and suppress their agglomeration. 

Removal of the buffer was usually carried out through a solvent dissolution technique 

followed by solid-liquid separation (washing)57,114-117. 

 

 

3.2 Supercritical carbon dioxide (scCO2) 

3.2.1 Supercritical fluid 

 

A supercritical fluid is any substance at a temperature and pressure above its critical 

point (Tc-critical temperature and Pc-critical pressure), where distinct liquid and gas 

phases do not exist118-120. It can effuse through solids like a gas, and dissolve materials 

like a liquid. Furthermore, close to the critical point, small changes in pressure or 

temperature result in large changes in density, allowing many properties of a 

supercritical fluid to be fine tuned.In the pressure-temperature phase diagram (Fig. 3-2), 

the boiling that separates the gas and liquid region ends at the critical point, where the 

liquid and gas phases disappear to become a single supercritical phase119. 

 

http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Critical_point_(chemistry)
http://en.wikipedia.org/wiki/Critical_point_(chemistry)
http://en.wikipedia.org/wiki/Critical_point_(chemistry)
http://en.wikipedia.org/wiki/Effusion
http://en.wikipedia.org/wiki/Solids
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Solvation
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Boiling_point
http://en.wikipedia.org/wiki/Gas
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Figure 3- 2.Phase diagram of a common supercritical fluid, where Pc is the critical 
pressure and TC is the critical temperature119. 

 

In general terms, substances in the supercritical fluid region have properties between 

those of gas and liquid phases118. From the gas phase, this supercritical region exhibits 

properties such as lower viscosity, higher diffusivity, expansion to fill their container and 

complete miscibility with other gases118. In the liquid phase, the supercritical region 

exhibits the ability to dissolve solids and has higher densities than the gas phase118. 

 

Table 3- 1: Density ( ), diffusivity (D) and viscosity ( ) for typical liquids, gases and 
supercritical fluids118. 

Comparison of Gases, Supercritical Fluids and Liquid 

 Density  
(kg/m3) 

Viscosity  
(µPa∙s) 

Diffusivity  
(mm²/s) 

Gases 1 10 1–10 
Supercritical Fluids 100–1000 50–100 0.01–0.1 

Liquids 1000 500–1000 0.001 

 

http://en.wikipedia.org/wiki/Viscosity#Dynamic_viscosity
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Table 3-1 shows the range of values for density ( ), viscosity ( ) and the diffusion 

coefficient (D) for common supercritical fluids118. Supercritical fluids can penetrate a 

solid faster than liquid solvents because of higher diffusivity than the liquid phase. 

Combinations of these factors increase the effectiveness of permeating a solid sample. 

Furthermore, it is possible to transport dissolved solutes out of a sample matrix using 

supercritical fluids due to its low viscosity118. The solvent powers of supercritical fluids 

come from the relatively high density, which can range anywhere between gas or liquid 

phases. The density directly affects the solubility, providing this useful, tuneable, solvent 

property of supercritical fluids. Supercritical fluids are also completely miscible with 

other gases, compared with the very poor solubility of gases in similar solvents in the 

liquid phase118,121,122. This may prove useful in the hydriding process of Al nanoparticles 

by using hydrogen dissolved in supercritical fluids, which will be discussed in detail in 

section 3.4 of this chapter. 

 

 

 

3.2.2 Supercritical carbon dioxide (scCO2) 

3.2.2.1 Properties of scCO2 

 

ScCO2 is a fluid-like state of carbon dioxide at or above its critical temperature (Tc) and 

critical pressure (Pc)
118,123. If the temperature and pressure are both increased from 

standard temperature and pressure (STP) to be at or above the critical point for carbon 

dioxide, it can adopt properties between a gas and a liquid. More specifically, it behaves 

as a supercritical fluid above its critical temperature (31.1°C) and critical pressure 

(72.9 atm/7.39 MPa), expanding to fill its container like a gas but with a density like that 

of a liquid. 

http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Critical_temperature
http://en.wikipedia.org/wiki/Critical_pressure
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure
http://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure
http://en.wikipedia.org/wiki/Critical_point_(thermodynamics)
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Supercritical_fluid
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Liquid
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Figure 3- 3.Carbon dioxide density-pressure phase diagram 124. 

 

The dissolving power of scCO2 is due to its density123,125. Fig. 3-3 shows the density-

pressure phase diagram for carbon dioxide124. At well below the critical temperature 

(280 K), as the pressure increases, the gas compresses and eventually (at just over 40 

bar) condenses into a much denser liquid, resulting in the discontinuity in the line 

(vertical dotted line)124. The system consists of 2 phases in equilibrium, a dense liquid 

and a low density gas124. As the critical temperature is approached (304.25 K), the 

density of the gas at equilibrium increases, and the density of the liquid decreases 124. At 

the critical point (dot in Fig. 3-3), there is no difference in density, and the 2 phases 

become one supercritical fluid phase124. Thus, above the critical temperature a gas 

cannot be liquefied by pressure. At slightly above the critical temperature (310 K), the 

pressure-density line in Fig. 3-3 is almost vertical124. A small increase in pressure causes 

a large increase in the density of the supercritical phase. Many other physical properties 

also show large gradients with pressure near the critical point, e.g. viscosity, the relative 

permittivity and the solvent strength, which are all closely related to the density. At 

higher temperatures, the fluid starts to behave like a gas. For carbon dioxide at 400 K, 

http://en.wikipedia.org/wiki/Bar_(unit)
http://en.wikipedia.org/wiki/Chemical_equilibrium
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Relative_permittivity
http://en.wikipedia.org/wiki/Relative_permittivity
http://en.wikipedia.org/wiki/Relative_permittivity
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the density increases almost linearly with pressure124. These factors allow scCO2 to 

select specific materials for extraction during a supercritical fluid extraction process. This 

can be done by fine tuning the pressure and temperature of the scCO2 to dissolve and 

extract only one phase of a mixture. 

 

3.2.2.2 Applications 

 

Supercritical scCO2 has found a wide range of applications in manufacturing products, as 

a working fluid, in the sterilization of biomedical materials and as a solvent126. A 

hydrogenation process is one example of a chemical reaction that uses scCO2 as a 

solvent. It was found that hydrogenation processes in scCO2 exhibit higher 

hydrogenation rates and selectivity compared to conventional organic solvents127,128. 

This increased rate is due to (1) enhancement of dissolved H2 concentration due to the 

miscibility of H2 in scCO2, (2) decrease of mass transfer resistance for the lower viscosity 

and higher diffusivity of scCO2, (3) possible modification of substrate reactivity through 

molecular interactions between CO2 and substrates and (4) possible change of catalyst 

specific activity via modification of metal nanoparticles127,129. 

 

3.2.2.3 Mixtures of scCO2 and H2 

 

The solubility of gaseous hydrogen in common solvents is not very high129. However 

when scCO2 is used as the solvent, hydrogen is completely miscible with scCO2 and this 

is beneficial for the enhancement of hydrogenation reactions128,129. It was reported that 

the concentration of H2 in a supercritical mixture of H2 (85 atm) and CO2 (120 atm) at 

50°C is 3.2 M (mol/L), while the concentration of H2 in a conventional solvent such as 

THF (tetrahydrofuran) under the same pressure is merely 0.4 M108. Therefore, 

heterogeneous reactions involving these gases may become homogeneous reactions in 
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sc-CO2 (where reactants exist in the same phase), and the speed and yield of such 

reactions can be greatly improved108. Another study109 showed that sc-CO2 with 1% 

addition of H2 (Fig. 3-4) showed a diffusion coefficient an entire order of magnitude 

larger than pure sc-CO2.  

 

 

Figure 3- 4.Isobars of the concentration dependence in the binary mixture CO2 / H2 
(full symbols, H2: open symbols, CO2)109. 

 

Organic or inorganic compounds can be added to supercritical fluids to further increase 

its solvent power119. With regards to scCO2, tetrahydrofuran (THF), diethyl ether (Et2O) 

or methyl oxide (Me2O) can be added to assist in dissolving or suspending the hydrogen 

storage material and catalysing absorption98. In this patent, a Me2O compound has been 

used and a room temperature combination of H2 (10 - 40 bar) and CO2 (60 - 80 bar) 

becomes supercritical when heated to 60 – 100 C98. It was reported that 0.3 wt.% H2 

was adsorbed into Al during the scCO2 /H2 process98.  
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3.3 Results and discussions 
 

The mechanochemical reaction of AlCl3 + 3Li → Al + 3LiCl proceeded to completion 

through the reduction of AlCl3 with lithium to form Al nanoparticles and LiCl as the 

reaction products. These Al nanoparticles were embedded within a buffer (LiCl) matrix 

that was later removed through a washing procedure. In order to understand the effect 

of different buffer quantities on the particle size distribution and agglomeration of Al, 

samples were milled for 6 h with different LiCl:Al volume ratios of 6.786:1 (sample A), 

9.665:1 (sample B) and 12.544:1 (sample C) as outlined in Table 3-2. It was expected 

that larger Al particles would be formed using low levels of buffer and smaller Al 

particles would be formed in samples with high buffer. In lower levels of buffer, because 

the volume fraction of the buffer phase is low, it cannot restrain the particle growth and 

agglomeration of the crystallites. In higher levels of buffer, the volume fraction of the 

buffer phase is sufficient to prevent particle agglomeration during mechanochemical 

reaction and therefore controls the particle size distribution.  

      

Table 3- 2:Al samples synthesis details. 

Sample Ball to 

powder 

ratio 

Pre-milling 

time  

(h) 

Milling time 

(h) 

LiCl buffer 

(g) 

Product 

volume ratio 

(LiCl:Al) 

A 35:1 12 6 0 6.786:1 

B 35:1 12 6 2 9.665:1 

C 35:1 12 6 4 12.544:1 
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Fig 3-5a shows XRD patterns of as-milled (unwashed) samples A, B and C. The patterns 

consist of peaks associated with Al and LiCl. A new peak associated with LiAlCl4 was 

observed in the pattern of sample A. This suggests that the reaction between Li and 

AlCl3 undergoes a secondary reaction of the 4AlCl3 + 3Li → Al + 3LiAlCl4 due to excess 

AlCl3 being used. The AlCl3 peak is not present in the XRD pattern as it often undergoes 

significant crystalline deformation during milling. No other peaks are evident in all 

unwashed samples, which suggest that the reaction was complete. 

 

Fig. 3-5b shows XRD patterns of washed samples A, B and C. After washing with a 

tetrahydrofuran (THF) solvent, the presence of only Al peaks indicates the successful 

removal of the LiCl phases, however it is likely that trace of LiCl is still present in 

undetectable quantities (<1 wt.%). Some LiCl.H2O was detected in the sample B due to 

free water either reacting during milling in a slightly unsealed vial or acquired during 

transfer and unintentional handling of the hygroscopic powder outside of the argon 

filled glove box115. 
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Figure 3- 5.XRD patterns of (a) unwashed and (b) washed sample A, B and C. 
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All XRD patterns in Fig. 3-5 were analysed using the Rietveld method in TOPAS (Bruker 

AXS). Rietveld fitting results are provided in Table 3-3 that outline phase wt.% and 

crystallite sizes of unwashed and washed Al samples. Al crystallite sizes decreased from 

22.1 ± 1.0 nm to 13.8 ± 4.5 nm for unwashed sample A and C respectively. For washed 

samples, Al crystallite sizes decreased from 19.3 ± 0.6 nm to 12.1 ± 0.7 nm for sample A 

and C respectively. The addition of LiCl led to a reduction of the Al crystallite size. 

However further increase in the LiCl:Al volume ratio has little effect on the Al crystallite 

size as revealed by the small difference in Al crystallite size for sample B and C. Both XRD 

crystallite sizes and SAXS particle sizes (in Fig. 3-9) show similar trends although 

crystallite size and particle size are different. 

 

For reaction AlCl3 + 3Li → Al + 3LiCl, all the starting reagents were individually pre-milled 

prior to use. Therefore the starting reagent with smaller particles size is formed. During 

a mechanochemical reaction, deformation, fracture and welding of these reactant 

particles occur repeatedly during ball/reactants collision events. Plastic deformation of 

the particles occurs, which decompose into sub-grain boundaries. With further milling, 

the sub-grain size decreases and nanometer size sub-grain boundaries become 

randomly oriented. As a result, the reaction products inherit the nanoscale 

microstructure of the reactants. Such nanocomposite structures can be converted into 

nanoparticles by selective dissolution of one phase, provided the grains of the insoluble 

phase do not percolate through the milled particles58. Furthermore, using LiCl:Al volume 

ratios from 6.786:1 to 9.665:1 during this mechanochemical reaction helps to separate 

the synthesized particles, essentially restricting particle growth and promoting 

nanoparticle formation. Combination of these small starting reactants particles and 

buffer have resulted an effective reaction volume. As the result of this effective reaction 

volume, a reduction of the Al crystallite and particle size was obtained. The same factors 

are also applied on synthesising MgH2 nanoparticles (down to ~7 nm) using 

mechanochemical reaction53,130. However, increasing the LiCl:Al volume ratios from 

9.665:1 to 12.544:1 has little effect on the synthesized Al particle size. At this point, the 
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effective reaction volume is mainly associated with the particle size of the starting 

reactants rather than buffer content, providing the same milling condition is applied. 

This was due to the starting reagents all being individually pre-milled prior to use. This 

result is consistent with the previous study of the synthesis of ZnS nanoparticles using 

the mechanochemical method63,131. 

 

Table 3- 3:Rietveld results for XRD patterns in Figure 3-5 from unwashed and washed 
mechanochemically synthesized Al using LiCl:Al volume ratios of 6.786:1 (sample A), 
9.665:1 (sample B) and 12.544:1 (sample C) respectively. Mathematical fitting 
uncertainties are provided (2 standard deviations).  

Samples Phase Wt.% Crystallite size (nm) 

Unwashed A Al 

LiCl 

LiAlCl4 

9.9 ± 0.4 

46.2 ± 0.6 

43.9 ± 0.7 

22.1 ± 1.0 

11.5± 0.3 

33.0 ± 1.6 

Unwashed B Al 

LiCl 

5.0 ± 0.7 

94.9 ± 0.7 

16.0 ± 1.6 

16.7 ± 0.3 

Unwashed C Al 

LiCl 

5.2 ± 0.5 

94.8 ± 0.5 

13.8 ± 4.5 

38.6 ± 0.7 

Washed A Al 100 19.3 ± 0.6 

Washed B Al 

LiCl.H2O 

54.2 ± 3.6 

45.8 ± 3.6 

11.9 ± 0.4 

3.3 ± 0.6 

Washed C Al 100 12.1 ± 0.7 

 

 

Fig. 3-6 shows TEM images of washed sample A, B and C. TEM images of washed 

samples consist of large aggregates and agglomerates of smaller Al particles. 

Nanoparticles were found to be ~10 - 50 nm. LiCl buffer prevents Al particle growth by 

physically separating the nanoparticles during milling, but after the salt is removed by 

washing, nanoparticles come into contact and particle agglomeration can occur.  
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Figure 3- 6.TEM micrographs of washed sample A, B and C. 

 

Fig. 3-7 shows HRTEM micrographs of unwashed and washed sample C. The distance 

between lattice fringes was found to be 2.33 Å, which is in good agreement with the d-

spacing of (111) hkl planes of Al (2.31 Å). EDS data as provided in Fig. 3-8B also verifies 

the presence of high quantities of Al and low quantities of Cl in washed samples 

suggesting that the washing process was close to completion. The unwashed samples 

shown in Fig. 8A were identified to be Cl-rich. EDS also showed the existence of O for 

both samples, as a result of unavoidable TEM sample air exposure. Si, Cu and C are 

present from the TEM grid component.  
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Figure 3- 7.HRTEM micrographs of lattice fringing (shown by the black arrow) of 
unwashed (A) and washed (B) samples C. 
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Figure 3- 8.EDS spectroscopy of (A) unwashed and (B) washed sample C. 

 

Fig. 3-9 shows SAXS data for the washed Al nanoparticles. A power law relationship 

between scattered intensity and the scattering vector q dominates the data set and 

there is a hump in the data set at low-q, which has been attributed to a Guinier region 

generated by the average aluminium nanoparticle size. The data was modelled using the 

unified equation70 with the Irena package71 for Igor Pro (Wavemetrics, Oregon, USA). It 

is reasonable to assume that the particles are roughly spherical from TEM investigations 

so that the radius of gyration can be related to the aluminium particle size via 

r where r is the particle radius, resulting in an overall average particle size 

(diameter) of 55 nm (sample A), 15 nm (sample B) and 13 nm (sample C) respectively. 
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Figure 3- 9.SAXS data from washed sample A, B and C with average particle size of 50 
nm, 15 nm and 13 nm respectively. 

 

Hydrogen absorption measurements were performed on unwashed and washed Al 

sample using sample C as these particles were the smallest to be synthesised. A reaction 

between Al and hydrogen to form AlH3 was attempted using scCO2 fluid as a reaction 

medium. A mixture of H2 (150 - 250 bar) and CO2 (150 - 200 bar) was heated to 40 – 50 

°C, thereby forcing the CO2 to become a supercritical phase and the H2 to dissolve 

within. The Al samples were held within this supercritical phase for 1 week with no 

hydrogen absorption detected using either the ScCO2 rig (pressure measurements), the 

Sievert apparatus or XRD measurements (phase identification). 
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Figure 3- 10.XRD patterns of (a) unwashed and (b) washed sample C after scCO2 / H2 
reaction. 
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The XRD pattern of the unwashed and washed sample C after the attempted scCO2/H2 

reaction is shown in Fig. 3-10. AlH3 was not detected in either sample. Several small 

peaks related to Al2O3 were observed in the pattern of the washed sample. No Al2O3 

peaks were detected in the unwashed sample. This was due to the unwashed particles 

being surrounded by buffer phase. The oxidation of Al in CO2 is a theoretical certainty122 

based on Al standard enthalpies of formation in the forward direction of equation (3.2).  

 

2Al + 1.5CO2 (g) = Al2O3 + 1.5C       (3. 2) 

AlH3 (s) →Al (s) + 3/2H2 (g)        (3. 3) 

 

From table 3-4, reaction in equation (3.2) proceeds in the direction in which ΔG< 0 

indicating that Al thermodynamically favours oxidation over conversion to AlH3. 

Although this format of calculation does not consider the kinetics of the oxidation 

process, based on the XRD pattern in Fig. 3-10, it shows that the speed of the oxidation 

process was significantly faster than the forward hydriding process in equation (3.3) 

during scCO2/H2 reaction. The presence of this oxide layer (Al2O3) on Al nanoparticles 

can be detrimental to molecular132 and even atomic133 hydrogen permeation. 

Furthermore the rate of hydrogen transport through a surface layer of Al2O3 was found 

to decrease rapidly with oxide thickness of only 1 - 3 nm134,135. Thus, the properties and 

the thickness of the oxide layer may be the most important limitation on the rate of 

hydrogen uptake attempted herein. 
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Table 3- 4:Standard enthalpy (ΔH) and entropy (ΔS) values are used to determine the 
change in Gibbs free energy (ΔG) per mol of Al in equation (2) over the temperature 
range -23 - 127°C. 

Temperature 

(°C) 

ΔH 

(kJ) 

ΔS 

(JK-1) 

ΔG 

(kJ) 

-23.1 -542.2 -157.2 -502.9 
26.8 -542.7 -158.8 -495.0 
76.8 -543.0 -159.7 -487.1 

126.8 -543.1 -160.0 -479.1 

 

 

It is expected that the thermodynamics and kinetics properties of the Al-H system will 

be altered by using Al nanoparticles93. Studies have shown an increase in the kinetics of 

desorption when using smaller particle size54,94. Significant changes in thermodynamic 

properties are theoretically predicted for Al nanoparticles smaller than its critical 

particle size (1 nm)50,52. Below its critical size, the total energy becomes more positive as 

shown in Fig. 3-1150. This result suggests that the Al-H system becomes more 

thermodynamically unstable. Above this critical size, the total energy is almost constant 

and similar to that of the bulk Al. Therefore hydrogen can absorb easily into nano Al 

below its critical size, a consequence of its highly unstable system. If the predicted 

critical particle size (1 nm) is correct and compared to the hydrogen absorption 

measurement attempt herein (using Al with 13 nm particle size), then it has been 

experimentally demonstrated that no significant changes in thermodynamics sorption 

properties when Al nanoparticles larger than its critical particle size were used. This 

result is also consistent with the previous experimental study using Al with 30 - 50 nm 

particles size with no hydrogen absorption was reported91.  
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Figure 3- 11.Calculated total energy as a function of particle size for the AlH3 nano-
clusters and nano particles of Al with the H2 molecule (i.e. 

) 50. 

 

Furthermore, the mechanism which reportedly allowed H2 to be absorbed more 

effectively in a supercritical medium for Al is still not fully understood. Although 0.3 

wt.%98 and 0.0178 ± 0.0005 wt.%122 H2 was reported to absorb during the scCO2/H2 

process, no explanation is given on what mechanism allows H2 to permeate the Al 

surface in a supercritical medium. It should also be noted that these findings have not 

been published in the scientific literature to date, and may not be reproducible. There 

might be a possibility that scCO2 alters the chemical reaction, catalyses the dissociation 

of diatomic hydrogen molecules or simply permeates the Al surface and carries the H in 

with it. The experimental methods used to determine the 0.3 wt.% H2 absorbed into Al 

during scCO2/H2 process was not described98. The released gas was not confirmed as 

hydrogen in both experiments98,122. It is possible that the released gas was actually some 

impurity or excess CO2 that was trapped beneath the surface during the scCO2/H2 

process. 
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3.4 Conclusion 
 

Al nanoparticles were synthesised by mechanochemical reactions of AlCl3 + 3Li → Al + 

3LiCl using different LiCl:Al volume ratios (6.786:1 , 9.665:1 and 12.544:1). Sample 

synthesised without addition of buffer led to the formation of Al nanoparticles with 

average particle size of 50 nm. Addition of sufficient quantity of buffer resulted in the 

formation of Al with average particle sizes down to 13 nm. The addition of LiCl as a 

buffer helps to separate the synthesized Al particles, essentially restricting particle 

growth and promoting nanoparticle formation. A hydriding reaction by using 

combination of Al nanoparticles (13 nm) and scCO2 media showed no H2 absorption. 

This indicates that Al particle size less than its critical particle size (< 13 nm) are required 

to introduce hydrogen into pure Al at pressure and temperature attempt herein (73.8 

bar and 31.1 C). Furthermore, the oxidation of Al in CO2 occurred during scCO2/H2 

reaction forming an oxide layer (Al2O3) on Al nanoparticles. The presence of this oxide 

layer limited the rate of hydrogen permeation on Al nanoparticles. 

 

3.5 Future work 
 

Based on theoretical50,52 and experimental96 studies, pure Al nanoparticles must be 

synthesised < 1 nm in order to cause significant thermodynamic destabilisation of Al-H 

system. This can be accomplishing by incorporating pure Al into a mesoporous silica 

scaffold or within a nanoporous carbon scaffold (nanotube or aerogel) because the pore 

size can be synthetically adjusted and these scaffolds are relatively inert. The scaffold 

serves as an effective structure-directing agent that restricts the particle size of the Al 

while providing a framework that mitigates sintering. Alternative supercritical fluids that 

do not create an oxide layer on the Al particle surface should be investigated and 

explored. Organic or inorganic compounds can be added to the alternative supercritical 

fluids to increase its solvent power. Although we could hydride the Al nanoparticles 
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below its critical size to form AlH3, on the other hand these AlH3 would want to 

decompose very quickly due to its fast kinetics with such a small particle size. 
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CHAPTER 4: Aluminium trihydride 
                        nanoparticles  

4.1 Introduction 
 

Aluminium trihydride  is a metastable, crystalline solid with a volumetric 

hydrogen density of 0.148 kg H2/L and a gravimetric hydrogen density of 10.1 wt.%. It 

has been used as a reducing agent, explosive, rocket fuel, hydrogen source for portable 

power system, military applications and automotive applications93,136,137.  

 

4.1.1 Synthesis 

 

was first synthesized in 1942 when were it was prepared as an  

(amine complex)138. A few years later in 1947 an ethereal solution of was 

synthesized by a reaction between LiH (or LiAlH4) and AlCl3 in diethyl ether without 

removing the ether as shown in reaction (4.1) and (4.2) respectively139. 

 

                                                               (4. 1) 
    

                      (4. 2) 

 

In 1955, an effort to remove the ether from the alane succeeded by filtering the 

etherated solution into an inert liquid followed by drying under a vacuum for 12 

hours140. Approximately 20 years after this a total of seven phases of AlH3 were 

synthesized and characterized. This approach was similar to the  developed in 1947 

and 1955 but with an additional desolvation reaction after the formation of etherated 

 solution. The desolvation reaction involved the heating of a solution of etherated 

AlH3 in a mixture of ether and benzene. An excess of LiAlH4 or LiBH4 was also added to 
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the etherated solution in order to decrease the desolvation temperature and to 

control  etherate separation. Finally the  was washed with diethyl ether or 

dilute acid to remove the excess LiAlH4 or LiBH4
141. The typical reactions involved in 

synthesizing microcrystalline α-AlH3 (100 - 200 nm) are shown in reaction (4.3) and (4.4). 

 

                   (4. 3)  

                      (4. 4) 

 

Based on reactions (4.3) and (4.4), many other  phases have been synthesized 

through slight modification of the reaction temperature, time and techniques. 

 

The -AlH3 phase (space group Pnnm) can be prepared by heating at a lower 

temperature (~60 °C) without using excess LiBH4. Another approach involved grinding a 

dry mixture of AlH3 etherate with LiAlH4 and heating to 70 – 80 °C under vacuum. The -

AlH3 phase (space group ) typically forms within the first 1 - 2 hour along with -

AlH3 phase during reaction (4.3) and (4.4). Desolvation in a sealed pressure reactor or 

reacting LiAlH4 with AlCl3 using a cryomill has been used to prepare α’-AlH3 phase141,142. 

AlH3 with different phases has also been synthesized using mechanochemical143 and 

cryomill142-145 techniques.  

 

AlH3 can be synthesized by using different starting materials.  in reaction (4.5) 

can be replaced by other complex hydrides containing such as , , ,  

and  anions with alkali metals, alkaline earth metals and transition metals as 

counter ions144. Furthermore   may also be replaced by binary hydrides of alkali 

metals, alkaline earth metals and 3d transition metals144.  may be replaced by 

 and  or halides from alkali, alkaline earth metals, transition metals, Ga or In 

144. From these reactions a halide is expected to be formed as a by-product in addition 

to . 
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                                             (4. 5) 

 

4.1.1.1 Mechanochemical 

 

The mechanochemical technique involves mechanical activation of solid-state reactions 

causing collisions between reactant particles and balls inside the mill. A solid-state 

reaction allows the reactant particles to chemically react without the presence of a 

solvent. It is a simple, economical and environmentally friendly technique. During 

milling, repeated deformation, fracture and welding of reactant particles occur during 

ball/powder collision events58,131,146. 

 

The mechanochemical technique for synthesizing AlH3 at room temperature resulted in 

a mixture of -AlH3, ’-AlH3 and Al phases142-144, showing that mechanochemical milling 

at room temperature can provides more than enough energy to allow AlH3  to release 

hydrogen and form aluminium metal nanoparticles. The number of AlH3 phases can be 

controlled by using different ball to powder ratios, ball sizes, milling temperature and 

milling time142-144. Approximately 50% of the synthesised AlH3  decomposes to Al during 

the first hour of milling when higher ball to powder ratio and larger balls were used143. 

The number of AlH3  phases was reported to decrease with increased milling time143,144.  

 

4.1.1.2 Cryomill 

 

The cryomilling technique originally evolved as a variation of mechanical milling and 

involves putting the milling media in liquid nitrogen (approximately 77K), and using 

processing parameters in order to gain nanostructured particles. The advantages of 

using cryomilling compared with milling at room temperature is that the extremely low 

temperature of liquid nitrogen will suppresses recovery and recrystallization and leads 

to finer grain structures and more rapid grain refinement61. Cryomilling forms high AlH3 

yields and minimises the decomposition of AlH3 to Al compared to room temperature 



76 
 

milling143. AlH3has also been reported to form by cryomilling alanate and aluminium 

halides or by adding additives144. Another study shows that the α’-AlH3 phase 

synthesized from cryomilling decomposes either partially by a single reaction step 

(equation 4.6) or by two decomposition steps (equation 4.7)144,145. 

’-AlH3  Al (3/2)H2                                 (4. 6) 

’-AlH3 -AlH3 Al (3/2)H2                                                                      (4. 7) 

  

4.1.2 Structures 

 

AlH3 can exist in several crystal structure phases (α, α’, , , ,  and ) depending on 

different ways of synthesizing AlH3
93,141,147. The α-AlH3 phase crystallises in the trigonal 

space group, , with a hexagonal unit cell. The structure consists of corner connected 

AlH6octahedral with normal bridge bonds, Al-H-Al. This structure is also similar to α’-

AlH3 and -AlH3 phases which crystallise in an orthorhombic Cmcm and cubic space 

group respectively142,148. On the other hand, the structure for -AlH3 phase which 

crystallizes in the orthorhombic Pnnm space group consists of double-bridge bonds, Al-

2H-Al in addition to the normal bridge bonds. As a result, both corner and edge 

connected AlH6 octahedra are present in -AlH3 phase147,149. All structures and 

morphologies of AlH3 phases are shown in Fig. 4-1 and Fig. 4-2. 
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Figure 4- 1.Structures of α-AlH3, α’-AlH3, -AlH3 and -AlH3
93. 

 

 

Figure 4- 2.Morphologies of α-AlH3, α’-AlH3, -AlH3 and -AlH3 phases93. 
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4.2 Kinetics 

 

Earlier kinetic studies of AlH3 decomposition were all focused on α-AlH3 which was 

prepared by the Dow Chemical Company54,102,150-155. Recently the study was conducted 

on freshly synthesised ,  and α-AlH3
156. The Dow AlH3 samples consist of large particles 

(50 - 100 µm) and had a thick surface oxide layer. For freshly synthesised AlH3 samples, 

they consist of small particles (100 - 200 nm) and had a relatively oxide-free surface. 

 

It was also found that freshly prepared alane has much smaller activation energy (Ea) 

and Arrhenius parameters (A and ) compare to Dow prepared alane (Table 4-1). These 

are due to the reduced particle sizes and reduced surface oxide layers in the freshly 

prepared samples. However a similar study on larger crystallites of -AlH3 showed 

activation energy (104 kJ/mol)157, similar to the value measured from the smaller 100 -

200 nm particles (102 kJ/mol). This suggests that the enhanced stabilization (higher 

activation energy) in Dow alane is primarily due to thick oxide layer rather than the 

crystallite size (which has a smaller effect)93,157. 

 

Table 4- 1:Kinetic values (Ea, A and ) for the alane phases152,158. The Ea was 

determined from the slope of an Arrhenius plot (ln (k) versus 1/T). A and  were 

determined from  and  respectively. 

Reference Phase    

156  102.2 3.2 1.2x1010 1.9x10-3 

  92.3 8.6 8.8x108 1.4x10-4 

  79.3 5.1 8.5x106 1.4x10-6 

152  
150.3 10.0 3.5x1016 - 

157  104 - - 
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These hydrides decompose into aluminium metal and hydrogen gas. For α-AlH3 phase, it 

decomposes in a direct decomposition step: α-AlH3→Al+(3/2)H2 while for  and -AlH3 

phases, two decomposition steps occurs: (1)  or -AlH3→Al+(3/2)H2 and (2)  or -

AlH3→α-AlH3→Al+(3/2)H2
158-160. Below 100 C, some of these phases undergoing direct 

decomposition (step 1) while the remaining phase first transforms to α-AlH3 and 

followed by decomposition (step 2). At elevated temperatures (>100 C), these phases 

transform to the α-AlH3 followed by decomposition (step 2). It was found that the direct 

decomposition of the  or -AlH3 is faster compare to α-AlH3 due to their less stability 

with respect to -AlH3.  

 

There was significant decrepitation from the decomposition of AlH3 to Al and H2
153,161 

which were contrary to findings by Sandrock et al.54. Theoretically when α-

AlH3completely desorbs to form Al cuboid and evolving hydrogen gas, the density 

increased from 1.486 to 2.71 g/cm3. This is due to crystal size and transformation 

structure from hexagonal α-AlH3 (lattice parameter: a=4.449 Angstrom and c=11.804 

Angstrom162 to face centered cubic (fcc) Al (a=4.0496 Angstrom163).  

 

Recent interest in using AlH3 for low temperature fuel cell applications has led many 

studies being undertaken to destabilizing the hydride and enhancing its decomposition 

rate. Fuel cell required rapid hydrogen evolution rates at low temperature (100 C). A 

reduction in particle size by using ball milling reduced the temperature for AlH3 

decomposition (hydrogen desorption)54,155 and enhanced the hydrogen desorption rate 

93,164 as shown in Fig. 4-393. 
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Figure 4- 3.Effect of different ball milling times on decomposition rate (A), effect of 
ball milled Dow Chemical sample for 480 min.TDS spectrum showing its significant 
destabilization and formation of two different fractions with reduced stabilities (B) 

and effect of milling and addition of Ti in reducing activation energy are shown from 
the Arrhenius plot (C)93. 

 

Thermal stability was found to be decreasing with decreasing crystal size and defect141. 

The effect of particle size on the thermal stability of AlH3 is a product of solid-phase 

reaction kinetics as given by NMR measurements165 and shown in Fig. 4-4. The fact that 

particle is related to the kinetics indicates that the decomposition reaction occurs at the 

grain surface which would be due of its defect nature. 
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Figure 4- 4.Isothermal kinetic curves of metallic Al content in the thermolysis of AlH3. 
Measurement were conducted using NMR technique at 380 K with different grain size 

of (1) less than 50, (2) 100-150 and (3) more than 150 m. The polydispersity of the 
grain are shown by the slight steps on the curves165. 

 

Furthermore, the using of dopants or catalytic additives (alkali metals, alkaline earth 

metals and transition metals) has also demonstrated a destabilization effect54,144,155,164.  

Addition of alkali metal hydrides (LiH, NaH, KH and LiAlH4) helped in accelerated 

hydrogen desorption rates at low temperature54,155. The dopants are expected to form 

“surface layers or islands of alanate that serve as ‘windows’ for hydrogen evolution from 

the decomposition AlH3 (Fig. 4-5).  
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Figure 4- 5.Alanate phase particles (LiAlH4) formed by ball milling of AlH3 and LiH to 
produce H2-transparent LiAlH4 windows155. 

 

Significant room temperature decomposition was observed when adding Ti to LiH155. 

The effect of Ti on the decomposition kinetics are even pronounced when the dopants is 

added in solution (added as TiCl3) during the AlH3 synthesis93. Ti-catalyzed -AlH3 ( 10 

ppm) showed two kinetic enhancements compared to uncatalyzed -AlH3. Isothermal 

decomposition curves at temperature from 60 C to 192 C (Fig. 4-6) demonstrate that 

the first enhancement is a reduction in the induction period at the onset of 

decomposition (evident at higher temperatures). The second enhancement is an 

increase in the rate of hydrogen evolves (evident at lower temperatures). 
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Figure 4- 6.Isothermal decomposition curves for catalyzed and uncatalyzed -AlH3
93. 

 

Another studies reported that the thermal stability of AlH3 and its decomposition 

activation energy are both highly dependent on the synthesis condition and sample 

purity. A post-synthesis thermal treatment has been shown to increase the desorption 

rate157. Other studies using light (irradiation) on AlH3 resulted in the decrease in 

activation energy by 15 - 20% compare to non-irradiated “fresh” sample when exposed 

to visible light in just a few minutes154,166. 

 

 

4.3 Thermodynamics 
 

AlH3 decompose into Al metal and hydrogen gas. From this decomposition reaction, the 

thermodynamic properties of AlH3 were determined either by experimental 102,158,160 or 

theoretical167,168 methods. The thermodynamic properties are interrelated via equation 

(4.8)76 
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                                                      (4. 8) 

where  is the Gibbs free energy of formation,  is the formation enthalpy,  is the 

temperature  and  is the entropy change. The entropy is associated with the 

transformation of hydrogen from a disordered gas to an ordered solid. The Gibbs free 

energy of formation at room temperature  was determined by using the 

measured formation enthalpy  and an entropy change . Experimental 

measurement (by using calorimetry) determined the values of the  formation enthalpy 

of AlH3 by assuming the magnitude of the decomposition enthalpy is equivalent to the 

formation enthalpy with the only difference being a sign change160. The thermodynamic 

properties are summarized in Table 4-2.  

 

Table 4- 2:Thermodynamic properties of AlH3 phases summarized from various 
experimental and theoretical results. 

Polymorph  

 

 

 

 

 

Equilibrium 

pressure at 

298K 

 

 

 

-9.9  0.6160 

-11.4  0.8102 

-6.95167 

-12.35168 

- 

- 

- 

130.7160 

- 

- 

- 

- 

- 

- 

48.5  0.6160 

46.5102 

- 

- 

- 

- 

- 

50160 (fugacity) 

- 

- 

- 

10169 

0.1 - 1.0170 

~295 

 -8.0  1.0160 130.7160 50.5  1.0160 - 

 -7.1  1.0160 130.7160 51.4  1.0160 - 
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Thermodynamics properties are expected to alter using nanoparticles compared with 

bulk materials50,52,171,172. This is because the energies (on molar basis) of both materials 

change in going from bulk materials to nanoparticles. For AlH3, if the particle size 

decreases, the formation energy decreases (more negative) as shown in Fig. 4-750. This 

theoretical study was performed using all electron density-functional total energy 

calculations. A significant decrease in the formation energy is predicted when the size is 

below 1 nm (critical particle size for AlH3). This result suggests that the AlH3 system 

becomes more thermodynamically stable when the particle size becomes smaller. 

Above this critical size, the formation energy is almost constant and similar to that of the 

bulk materials. This is because when the particles size is increased above the critical size, 

these nanoparticles contain core AlH3 structural units which make them behave like a 

bulk material50. Another theoretical study using the Wulff construction52 reported that if 

the AlH3 particle size decreases, the transition temperature increases as shown in Fig. 4-

8.  It would be useful to increase the transition temperature (or equivalently, the heat of 

reaction) because at equilibrium, AlH3 decomposes at temperature that is too low for 

practical applications. However this effect is extremely small, increasing Teq by only 13 K 

for the extreme case of a metal nanoparticle 1 nm in radius. 
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Figure 4- 7.Calculated formation energy as a function of particle size for the AlH3 
nanoparticles50. 

 

 

Figure 4- 8.The variation in the metal/metal hydride transition temperature relative to 
the result for a bulk material52. 
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4.4 High pressure studies 
 

Synthesis of -AlH3 from the elements is possible under high pressures according to 

equation (4.9)  

 

                                                                  (4. 9) 

 

The pressure, temperature-state diagram of the AlH3 system are constructed using 

results from inelastic neutron scattering (INS) experiments93 and then the calculated 

equilibrium values are compared with various experimental values95,170,173,174 as shown 

in Fig. 4-9. The calculated equilibrium line predicts consistently lower temperatures then 

the early experimental results95,170,173. This is due to an oxide layer at the AlH3 surface 

which is virtually impermeable to hydrogen. On the other hand, the experimental result 

using non-oxidised Al particles showed points corresponding to the formation of -AlH3, 

which are closest to the calculated line174. For this experiment, the minimum hydrogen 

pressure necessary for the formation of -AlH3 is about 20 kbar at temperatures 50 -

100 C. 
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Figure 4- 9.Calculated equilibrium line for  (red line) are 

compared with the results from various experimental studies on the formation and 
decomposition of  under high hydrogen pressure93. The markers indicate the 

presence (filled) or absence (unfilled) of -AlH3 in the samples. Decomposition points 
from Tkacz et al. (triangles)173, Baranowski (upside down triangles)170 and Bulychev 

(squares)95 are for AlH3 powders stabilised by a surface oxide layer. Results from 
Sakharov (stars)174 were obtained using non-oxidized Al powder as the starting 

material. 

 

A recent theoretical study showed that hydrogen absorption into bulk Al may be 

thermodynamically favourable at low temperatures where very low hydrogen 

equilibrium pressures are expected (50 bar at 77 K)175. Another theoretical study 

represented a pressure-temperature calculated plot of the Al-H system as shown in Fig. 

4-10. From this figure it is seen that Al should be able to hydride under ~3 kbar at 0°C 

176. However at this range of temperatures both the absorption kinetics and hydrogen 

dissociation ability will be hindered. This means that low temperature H2 absorption into 

pure Al is extremely slow and near undetectable91. 
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Figure 4- 10.Plot pressure-temperature diagram of the Al-H system where the phase 
boundary between AlH3 and fcc (Al) represents the dissociation pressure of AlH3 in 

comparison with experimental data (symbol - О). 

 

 

 

4.5 Results and discussions 
 

The mechanochemical reactions of the 3LiAlH4 + AlCl3 → 4AlH3 + 3LiCl proceeded to 

completion through the reduction of LiAlH4 with AlCl3 to formed AlH3 nanoparticles as 

the reaction products. These AlH3 nanoparticles were embedded within a buffer (LiCl) 

matrix. The LiCl was not removed through washing with a nitromethane/AlCl3 solution 

because they reacted with AlH3 nanoparticles and the reaction caused a ~50% reduction 

in the H2 content of the sample143. In order to understand the effect of buffer quantity 

on the particle size distribution and agglomeration, AlH3 samples were synthesized via 

milling conditions as outlined in Table 4-3. It was expected that larger AlH3 particles 
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would be formed using low levels of buffer and smaller AlH3 particles would be formed 

in samples with high buffer.     

Table 4- 3:Overview of AlH3 samples synthesis at 77 K details.  

Sample Rod to 
powder ratio 

Milling time 
(min) 

LiCl buffer 
(g) 

Product 
volume ratio 

(LiCl:AlH3) 

A 32:1 30 0 0.76:1 
B 32:1 30 0.46 2:1 
C 32:1 30 0.74 5:1 
D 32:1 30 0.86 10:1 
E 32:1 60 0.46 2:1 

 

 

In order to understand the cryogenic synthesis, samples were first milled for 30 minutes 

(sample B) and 60 minutes (sample E) by using LiCl buffer (2:1 LiCl:AlH3 volume ratio) 

respectively. Fig. 4-11 shows the XRD patterns of the synthesized AlH3 before desorption 

reactions. Both samples consist of peaks related to α-AlH3, α’-AlH3 and LiCl. Sample B 

contains α-AlH3 and α’-AlH3phases in a similar ratio. A decrease in α’-AlH3 content and a 

new peak related to Al were observed in the pattern of sample E. This shows that 

decomposition of AlH3 to Al and H2 has occurred during the milling process when the 

milling time was increased from 30 to 60 minutes.  
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Figure 4- 11.XRD patterns of synthesized AlH3 milled for 30 minutes (sample B) and 60 
minutes (sample E) by using 2:1 LiCl:AlH3 volume ratio respectively before the 

desorption process. 

 

Mechanochemical reactions of the 3LiAlH4 + AlCl3 → 4AlH3 + 3LiCl are moderately 

exothermic ( H=-213 kJ/mol), it provides more than enough energy for AlH3 to 

decompose to Al and H2 due to the low amount of energy required for decomposition 

( H=+11.4 kJ/mol)39. At the same time, the milling process provides collision energy due 

to collision between reactant particles and balls inside the mill57. Therefore the overall 

energy is generated from both the mechanochemical reaction and from the milling 

process itself. The addition of LiCl as a buffer, decreases the overall energy generation 

and lowers the reaction rate during mechanochemical reaction57,60. This is because 

during the mechanochemical reaction, the transferred energy into the reactant particles 

is reduced due to the presence of the buffer phase which absorbs some of the collision 

energy and heat energy57. As a result, no decomposition of AlH3 to Al and H2 is observed 

when the sample was milled for 30 minutes using LiCl buffer (2:1 LiCl:AlH3 volume ratio). 
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However when the milling time was increased to 60 minutes, the total number of 

impacts will increase (produce high energy milling), which enables the AlH3 phase 

transformation into α’-AlH3 and enables AlH3 decomposition into Al and H2. 

 

The AlH3 and LiCl crystallite sizes were reduced when milling times increased from 30 

minutes to 60 minutes (Table 4-5). During milling, deformation, fracture and welding of 

reactant particles occur repeatedly58,131. Plastic deformation of the reactant particles 

initially occurs by reactant particles decomposing into sub-grains58,131. After further 

milling, the sub-grains size decreases and nanometer size sub-grains are produced 

within each reactant particle58,131. So the reaction product will inherit the nanoscale 

microstructure of the reactant particles58,63,131. Upon increasing milling time, the total 

number of impacts will increase. Hence the reactant particles are subjected to higher 

mechanical induced energy, which results in particles decomposing into smaller sizes. 

  

Based on these results in order to produce nanoparticles of AlH3 30 minutes milling time 

is preferred as a milling parameter for further investigation to limit the Al content of the 

samples but also allow for complete AlH3 formation from reactants. Samples were 

cryogenically milled for 30 minutes with different LiCl:AlH3 volume ratios of 2:1 (Sample 

B), 5:1 (Sample C) and 10:1 (Sample D) respectively. The addition of LiCl as a buffer 

restricts AlH3 decomposition, prevents high Al yields and promotes AlH3 nanoparticle 

formation. 
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Figure 4- 12.XRD patterns of synthesized AlH3 (a)before and (b)after  the desorption 
process. 
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Fig. 4-12 shows the XRD patterns of the synthesized AlH3 before and after desorption 

reactions. Before desorption, Al peaks were not detected in all samples with buffer (Fig. 

4-12a samples B, C and D). The α’-AlH3 peaks were not detected in sample C (Fig. 4-12a) 

and both α-AlH3 and α’-AlH3 peaks were not detected in sample D (Fig. 4-12a). After 

desorption (Fig. 4-12b), only Al and LiCl peaks were detected in all samples. No other 

peaks are evident in the samples before and after desorption, which suggest that the 

reaction was completed. 

 

Based on quantitative phase analysis (QPA) provided in Table 4-5, the crystalline wt.% of 

LiCl from Rietveld analysis before and after desorption are different from those 

calculated from expected yields. Rietveld analysis calculated wt.% values by assuming a 

sample content is 100% crystalline. For these AlH3 samples, expected LiCl yields before 

desorption should result in 51.4 wt.%, 73.5wt.%, 87.4 wt.% and 93.2 wt.% LiCl for 

sample A, B, C and D. However Rietveld results show crystalline LiCl consists of 60.1 ± 

0.5 wt.%, 84.9 ± 0.6 wt.%, 96.5 ± 0.6 wt.% and 100 wt.% respectively. Due to the fact 

that the crystalline LiCl content is larger from Rietveld analysis than the expected yields, 

an amorphous or poorly crystalline AlH3/Al phases may be formed during the 

mechanochemical reaction. After heating the samples from room temperature to 150°C 

during desorption process, the appearance of diffraction peaks corresponding to Al were 

observed. This explains why AlH3/Al peaks were not evident in sample C and D before 

the desorption process. They could also just be really broad due to their nanocrystalline 

nature and unobservable due to the low wt.% in the sample. This result is also 

consistent with a previous study of the synthesis of Y2O3 using the mechanochemical 

method, where no peaks corresponding to any yttrium phases were evident in the as-

milled sample146. Heating of the washed sample resulted in the appearance of 

broadened diffraction peaks corresponding to Y2O3. 
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Table 4- 4:Rietveld results for phase composition calculated from XRD patterns in 
Figure 4-12. Mathematical fitting uncertainties are provided (2 standard deviations). 

Sample Phase composition before desorption 

(wt.%) 

Phase composition 

after 

(wt.%) 

α-AlH3 α’-AlH3 Al LiCl Al LiCl 

A 15.7 ±0.4 20.8 ±0.4 3.3 ± 0.2 60.1 ± 0.5 45.7 ± 0.1 54.2 ± 0.1 

B 7.4 ± 0.4 7.6 ± 0.5 - 84.9 ± 0.6 24.4 ± 0.3 75.5 ± 0.3 

C 3.4 ± 0.6 - - 96.5 ± 0.6 8.8 ± 0.1 91.1 ± 0.1 

D - - - 100 1.9 ± 0.1 98.0 ± 0.1 

E 7.2 ± 0.4 3.6 ± 0.4 3.3 ± 0.3 85.7 ± 0.6 24.4 ± 0.3 75.5 ± 0.3 

 

 

AlH3 crystallite sizes decreased from 24.4 ± 1.3 nm (sample A), 15.0 ± 1.4 nm (sample B) 

and 8.7 ± 2.3 nm (sample C), for samples synthesised without using buffer and samples 

using LiCl:AlH3 volume ratios of 2:1, 5:1 and 10:1 respectively (Table 4-5). However LiCl 

and Al crystallite sizes increase after the desorption process.  

 

The addition of LiCl buffer led to a reduction of the synthesized AlH3 crystallite size. In 

lower buffer content, the specific surface area of smaller particles are higher which 

provides higher driving force for particle coalescing and decreases their surface energy 

57,60. On the other hand, because the volume fraction of the buffer phase is low, it 

cannot restrain the particle growth and agglomeration of the crystallites57,60. However in 

higher buffer content, the volume fraction of the buffer phase is sufficient to prevent 

particle agglomeration during the mechanochemical reaction by physical separation of 

the nanoparticles and therefore controls the particle size distribution57,60. 
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During desorption, all samples were heated from room temperature to 150°C. As a 

result, the crystallites grow (due to both intra-particle crystallite growth and inter-

particle agglomeration), and this growth increases rapidly with increasing temperature. 

The present result is similar to results reported elsewhere. Kobayashi et. al. indicated 

that the SnO crystallite size increased by heating at 450 C to 500 C177. Huaming et. al. 

reported that the SnO particle size increased from 25 to 40 nm when heating from 

450 C to 800 C178. Weiqin et al. showed that the crystal size increased from 18 to 36 nm 

when the heat-treatment temperature increased from 400 C to 800 C for zinc oxide 

material179. 

 

Table 4- 5:Rietveld results for crystallite size calculated from XRD patterns in Figure 4-
12. Mathematical fitting uncertainties are provided (2 standard deviations). 

Sample Crystallite size before desorption 

(nm) 

Crystallite size after 

desorption 

(nm) 

α-AlH3 α’-AlH3 Al LiCl Al LiCl 

A 24.4 ± 1.3 19.9 ± 1.2 26.3 ± 3.9 18.2 ± 0.2 61.0 ±0.7 35.2 ± 0.3 

B 15.0 ± 1.4 14.3 ± 2.2 - 21.1 ± 0.1 41.5 ±1.5 35.9 ± 0.5 

C 8.72 ± 2.3 - - 25.6 ± 0.2 54.8 ± 2.8 34.9 ± 0.3 

D - - - 27.2 ± 0.2 71.0 ± 4.8 32.3 ± 0.2 

E 14.9 ± 1.4 18.1 ± 5.1 7.5 ± 1.0 12.3 ± 0.1 31.9 ± 1.1 26.1 ± 0.4 

 

 

XRD has provided good information about the average crystallite size but TEM was 

performed to determine the real particle size. Fig. 4-13 shows TEM images of 

synthesized AlH3 before (a, c, e, g) and after (b, d, f, h) the desorption process. The TEM 

images show that the sample primarily consisted of smaller AlH3/Al particles embedded 

within larger aggregates of LiCl buffer. Synthesized AlH3 without using buffer (sample A) 
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comprised of 5 - 64 nm particle size range. This size ranges tend to decrease when using 

LiCl:AlH3 volume ratios of 2:1 (sample B) to 10:1 (sample D). The particle size range for 

sample B, C and D are 6 - 26 nm, 15 - 37 nm and 11 - 29 nm respectively (Table 4-6). It 

should be noted that there is a slight discrepancy between particle size and crystallite 

size determined by TEM and XRD which suggest moderate particle agglomeration occurs 

within the samples. It becomes difficult to observe AlH3/Al particles in the samples when 

the LiCl:AlH3 volume ratio was increased from 2:1 to 10:1. This is because LiCl is a major 

volume fraction of these samples (~ 90%) so it is difficult to identify particles of the 

minor product phases (AlH3 and Al). 
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Figure 4- 13.TEM images of sample before desorption: (a) sample A, (c) sample B, (e) 
sample C and (g) sample D and after desorption: (b) sample A, (d) sample B and (f) 

sample C and (h) sample D. (AlH3 nanoparticles embedded within a LiCl buffer shown 
by the black arrow) 
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Table 4- 6:Particle size of synthesized AlH3/Al before and after desorption process 
from TEM measurements. 

 

Sample 

Particle size (nm) 

Before 
desorption 

After 
desorption 

A 5 - 64 19 - 71 

B 6 - 26 10 - 41 

C 15 - 37 21 - 50 

D 11 - 29 15 - 78 

 

 

EDS data as provided in Fig. 4-14 verifies the presence of high quantities of Al and low 

quantities of Cl in all samples. However Hydrogen cannot be detected using EDS 

therefore AlH3 and Al cannot be differentiated. Lithium also cannot be detected using 

EDS. EDS showed the existence of O for all samples, a result of TEM sample air exposure. 

Si and C come from TEM grid. 
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Figure 4- 14.EDS spectra from TEM investigations of sample before desorption: (a) 
sample B, (c) sample C, (e) sample D and after desorption: (b) sample B, (d) sample C 

and (f) sample D. 
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Hydrogen desorption measurements were undertaken within 1 week of sample 

synthesis to ensure room temperature AlH3 decomposition was minimised except for 

sample A where the experiment was undertaken after 2 weeks of sample synthesis. Fig. 

4-15 shows the effects of without using LiCl buffer (sample A) and using LiCl:AlH3 volume 

ratios of 2:1 (sample B), 5:1 (sample C) and 10:1 (sample D) on the AlH3hydrogen 

desorption curves. The AlH3 desorption curves display the wt.% of hydrogen as a 

function time in the calculated non-salt portions of the synthesized samples. The 

percentage of AlH3 portions calculated in the samples when sample A, B, C and D were 

48.5%, 26.4%, 12.5% and 6.7% respectively. Despite the XRD pattern showing only a 

very minor AlH3 crystalline phase, the desorption results indicate that H2 did evolve from 

these samples. Therefore AlH3 may form as an amorphous or poorly crystalline phase 

within the synthesized samples. 

 

Sample B and C desorbs 2.65 wt.% and 2.48 wt.% H2 (from the Al portion of the sample) 

over 24 hours at 50°C. This H2 desorbed wt.% decrease to 1.5 wt.% and 0.42 wt.% for 

sample A and D. It is clear that particle size reduction when ball milling using buffer does 

effectively increase the H desorption rate compare to bulk180,181. Another study also 

shown that α-AlH3 of 50 m crystallites exhibit H2 evolution rate more than two orders 

of magnitude slower than α-AlH3 with fine crystallites (0.1 m)175. A reduction in AlH3 

particle size gives an increase in the kinetics of desorption54. Smaller particles produced 

from ball milling will have higher surface areas. These high surface areas enhance the 

accessibility of the particle to penetrate and release the hydrogen. Milling also creates a 

specific state of the surface possibly with special surface defects and imperfections 

181,182. Additionally, the combination of these smaller particle sizes and defects results in 

a decrease of the thermal stability of AlH3 kinetic decomposition141. All these factors 

promote hydrogen desorption, which is consistent with previous research41,182-184. 

However slow kinetics desorption were detected when using 10:1 LiCl:AlH3 volume ratio 

(sample D). Upon increasing the quantity of buffer, the AlH3 particles are surrounded by 
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a higher amount of LiCl. This LiCl tends to cover the surface of AlH3 particles and hinder 

hydrogen accessibility leading to a decrease in the rate of hydrogen desorption. 

 

 

Figure 4- 15.Hydrogen desorption data from AlH3 samples. The H2 wt.% is given as a 
percentage of the calculated non-salt portion of the samples. 

 

Rapid desorption was observed when the desorption temperature increased to 100°C 

and further increasing the temperature to 150°C results in complete hydrogen 

desorption. The maximum H2 wt.% for sample A, B, C and D were 6.5 wt.%, 9.09 wt.%, 

7.97 wt.% and 5.97 wt.%  respectively.  

 

The reason for the different maximum H2 wt.% is not fully understood. It is possible that 

an incomplete AlH3 synthesis reaction occurs in samples with higher buffer content. 

Upon increasing the buffer content, the buffer phase tends to cover the surface of the 

reactant particles and hinder further reaction, reducing the reaction volume among the 

reactant particles, leading to a decrease in the rate of reaction57. An incomplete reaction 

would result in LiAlH4 phase within the sample which has been shown to decompose at 

temperatures greater than 100°C and when milled with AlCl3 and/or TiCl3 additives has 

been shown to decompose at room temperature185. However the XRD result provided in 
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Fig. 4-12 does not show any evidence of this starting reagent. In addition, no LiAlH4 

decomposition products (Li3AlH6, LiH or LiAlH) exist in the XRD pattern or any other that 

has been performed before and after desorption process at 25°C, 50°C, 100°C and 

150°C. 

 

In order to confirm this, a new sample using high LiCl:AlH3 volume ratio of 10:1 (sample 

F) was milled for 60 minutes. Results from XRD (Fig. 4-16) and hydrogen desorption 

measurements (Fig. 4-17) were compared between sample milled for 30 minutes 

(sample D) and 60 minutes (sample F). Increasing the milling time to 60 minutes results 

only a tiny peak related to AlH3 in the as-milled sample. After the desorption 

measurement, only peaks related to Al and LiCl were observed. No starting reagents and 

no LiAlH4 decomposition products were detected in the XRD pattern of sample milled 

for 60 minutes before and after desorption process at 25 C, 50 C, 100 C and 150 C. This 

result is consistent with sample milled for 30 minutes. Despite the XRD pattern showing 

only a minor AlH3 crystalline phase 5.97 wt.% and 6.8 wt.% H2 were desorbed from the 

non-salt portion of both samples. These H2 wt.% were higher than H2 wt.% reported for 

LiAlH4. Only 4 wt.% H2 was released from LiAlH4  at 148 C186. Based on these results, it is 

likely that an amorphous or poorly crystalline phase of AlH3 was formed within the 

synthesized samples rather than incomplete AlH3 reaction in sample with high buffer 

content. 

 



104 
 

 

Figure 4- 16.XRD patterns of synthesized AlH3 using 10:1 LiCl:AlH3 volume ratio milling 
for A (30 minutes) and B (1 hour). 

 

 

Figure 4- 17.Hydrogen desorption data from synthesized AlH3 using 10:1 LiCl:AlH3 
volume ratio. The H2 wt.% is given as a percentage of the calculated non-salt portion 

of the samples. 
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Another study showed that the reduction in maximum H2 wt.% is due to a portion of the 

hydrogen remaining trapped inside the particles when the diffusion of hydrogen 

through the particles or nucleation of aluminium sites is slow during AlH3 decomposition 

process161. A study using proton NMR spectrum of AlH3 showed a sharp NMR line, from 

temperatures 423 K to below 11 K. This proved that H2 either as isolated molecules or 

very small nano-cluster must be physically trapped in the material, possibly in cavity 

surfaces that were formed during the slow AlH3 decomposition process187. 

 

Hydrogen absorption measurements were performed on the Al product formed from 

the fully decomposition of AlH3 by heating at 150°C for 24 hours. By forming Al via AlH3 

decomposition, the subsequent hydrogenation was performed on oxide-free Al 

particles. Samples underwent hydrogen pressures of 280 bar at -196 C, 1420 bar at 

25 C, 1532 bar at 50°C, 1734 bar at 100°C and 1967 bar at 150°C with no measureable 

hydrogen absorption. 

 

The thermodynamics of hydrogen absorption and desorption are reported to be altered 

when using nanoparticles instead of bulk materials50,52,171,172. For the AlH3 system, 

significant thermodynamic changes are theoretically predicted for AlH3 nanoparticles 

smaller than its critical particle size (1 nm) 50,52. The formation enthalpy ( H) value for 1 

nm size is reported to be -5.8 kJ/mol, which is similar to that in the bulk AlH3 system (-

5.99 kJ/mol). These nanoparticles have core AlH3 structural units which make them 

behave like a bulk AlH3 system (the system is thermodynamically unstable). Below this 

critical particle size, the AlH3system becomes thermodynamically stable. Changes in S 

with particles size also has a big impact on G, therefore this should be taken into 

account. However, these changes in S are not usually considered in the theoretical 

studies. Therefore changes in either the reaction H and S due to particle size may 

actually shows a larger effect on the thermodynamics properties. This has been pointed 

out in experimental studies on MgH2 nanoparticles53. Based on the thermodynamics of 

the 1 nm Al-AlH3 system, hydrogen absorption into nano Al requires lowers pressure and 
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temperature. However, recent theoretical investigations indicate that hydrogen 

absorption into bulk Al may be thermodynamically favourable at cryogenic 

temperatures where very low equilibrium pressures are predicted (50 bar at -196 C)175. 

If the predicted pressure of 50 bar at a temperature -196 C is correct and compared to 

the hydrogen absorption measurement attempt herein (280 bar at -196 C), then other 

factors must be favourable for hydrogen absorption in bulk Al (in this case 10 - 30 nm) at 

the pressure and temperature studied, given no hydrogen absorption were detected 

during this measurement. This result is also consistent with the previous study using 

1875 bar at -196 C, with no hydrogen absorption measurement, even for 30 - 50 nm 

particle size96.  

 

4.6 Conclusions 
 

Synthesis of AlH3 by using mechanochemical reactions of the 3LiAlH4 + AlCl3 with 

different LiCl:AlH3 volume ratios at 77 K has been studied. The addition of LiCl as a buffer 

leads to the reduction of the synthesized AlH3 crystallite size, restricting AlH3 

decomposition and preventing high Al yields. Quantitative Rietveld results coupled with 

hydrogen desorption measurements suggest the presence of an amorphous AlH3 phase 

in mechanochemically synthesized samples, which deserves further study to identify its 

structural properties. TEM results show that the synthesized AlH3 comprised of 10 - 30 

nm particle size range. For the hydrogen desorption measurements, it is clear that AlH3 

particle size reduction when ball milling using buffer does effectively increase the H 

desorption rate compared to the case without using buffer. For hydrogen absorption 

measurements, decomposed AlH3 nanoparticles with 10 - 30 nm in size underwent 

pressures of 280 bar at -196 C, 1420 bar at 25 C, 1532 bar at 50°C, 1734 bar at 100°C 

and 1967 bar at 150°C with no measurable hydrogen absorption. 
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4.7 Future work 
 

AlH3 nanoparticles must be synthesised < 10 nm in order to allow hydrogen sorption 

reversibility at pressures significantly lower than for bulk AlH3. Results herein suggest 

the formation of an amorphous AlH3 phase upon milling under certain conditions. The 

analysis and properties of this amorphous AlH3 phase is important in order to 

understand the bonding relationship between hydrogen and Al. It is possible that 

different thermodynamics exist for an amorphous Al-H system that would result in an 

altered sorption pressure relationship. Amorphous AlH3 has not been reported in the 

literature to date, hence the need to analyze its structure, bonding, and thermodynamic 

properties. 
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CHAPTER 5: Titanium manganese alloy 

5.1 Introduction 
 

Much research has been undertaken to investigate the hydrogen storage properties of 

various types of metal hydride families such as Mg-based systems, BCC alloys and 

intermetallic systems (AB, AB2 (Laves phase), AB3 and AB5)9,10,34. Intermetallic systems 

often consist of a stable hydride forming element with an element forming a nonstable 

hydride. 

 

For AB2, the systems are based on two Laves phases’ crystal structures. The crystal 

structures can be hexagonal, C14 (MgZn2 type) or cubic, C15 (MgCu2 type) 9,34. In these 

systems the A elements are usually Ti, Zr, Hf, Th or a lanthanide, whilst the B elements 

can be a variety of transition and non-transition metals.  

 

 

5.1.1 Properties 

 

Among the intermetallic systems for hydrogen storage, TiMn2 based Laves phase alloys 

have attracted attention due to their easy activation, modest hydrogen sorption 

temperature, rapid kinetics and low cost188,189. The hydrogen storage capacity of TiMn2 

alloys is reasonably modest compared to other metal hydrides but is higher than 1.0 

H/M (hydrogen per metal formula unit)190,191 making it suitable for many static hydrogen 

storage applications. If weight is not an issue, then there are two main factors to 

consider, the cost of the hydride, and its long term stability (cycling properties). The 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy contains relatively inexpensive elements, 

with the exception of vanadium, however ferro-vanadium (V with Fe impurity) is an 

order of magnitude less expensive than pure vanadium. Thus, having a hydrogen storage 

alloy with V and Fe components allows for a reduced system cost10,34. The addition of 
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elemental additives to the TiMn2 system is required to enhance its hydrogenation and 

dehydrogenation cycling properties for long term use192. There are other problems with 

Ti-Mn alloys including their comparatively high equilibrium plateau pressure (between 

0.8 MPa and 1.2 MPa) under near ambient temperatures and the fact that these alloys 

possess a large sorption pressure hysteresis effect 190,193 during hydrogen cycling. In 

order to reduce these disadvantages, research has been undertaken on altering TiMn2 

alloys by partial substitution of Ti or/and Mn with other elements 193-196, by using 

different TiMn2 composition/stoichiometries190,197 or through catalysed TiMn2 alloys 

198,199. 

 
 

5.1.1.1 Different TiMn2alloy compositions/stoichiometries.  

 

Ti-Mn binary alloys whose Ti contents were less than 36 at.% absorbed almost no 

hydrogen (P 4.5 MPa), but the alloys containing more Ti react easily and rapidly with 

hydrogen at room temperature without any activation treatment and complete the 

hydriding reaction in a short time190. The TiMn1.5 hydride shows the most desirable 

properties of all the Ti-Mn binary alloy hydrides as shown in Fig. 5-1190. The dissociation 

plateau pressure is reported to be 0.7 MPa, the maximum amount of absorbed 

hydrogen is 228 mlg-1, the maximum amount of released hydrogen is 190 mlg-1 at 20 C 

and H=-28.7 kJ(mol H2)-1. 
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Figure 5- 1.Pressure-composition desorption isotherms of various Ti-Mn compositions: 
(A) TiMn0.75; (B) TiMn1.0; (C) TiMn1.25; (D) TiMn1.5; (E) TiMn1.75; (F) TiMn2.0

190. 

 

The synthesis of TiMn1.5 by using r.f. induction furnace in an argon atmosphere has 

shown a maximum hydrogen storage capacity of 1.5 wt.% with a low plateau region as 

shown in Fig. 5-2200. Electron micrographs of the hydrogenated sample at successive 

stages had shown dendritic rupturing of the as-synthesised TiMn1.5. 

 

Figure 5- 2.PCT curve of TiMn1.5 alloy200. 
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TiMn2 alloy (Ti-60 and 61 at.% Mn) were also prepared by an argon arc melting to study 

the degradation of the hydrogen absorbing capacity in cyclically hydrogenated TiMn2 

44,197. It was concluded that the introduction of retained hydrogen caused heterogenous 

strain and/or nano-sized region were the factors that degraded the hydrogen absorption 

capacity when the number of hydrogenation increased44,197 as shown in Fig. 5-3.  

 

 

Figure 5- 3.Hydrogen content in (a) Ti-60Mn and (b) Ti-61Mn as a function of 
hydrogenation cycle197. 

 

TiMn2has been hydrided using high-pressure techniques201. It was found that significant 

hydriding of TiMn2 started only at a hydrogen pressure above 50 atm as shown in Fig. 5-

4. In the pressure range 50 to 80 atm, the hydrogen absorption led to the formation of 

an -solid solution with the composition TiMn2H0.3. However this part could not be 
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considered as representing equilibrium (since it was not reproduced at following cycles) 

and it characterized only the activation process. The  transition proceeded at 

considerably higher pressures 700 - 800 atm during the first cycle. In the second cycle 

Pabs decreased to 400 atm and after third cycle the isotherms retained their shape (the 

activation could be regarded as being completed). 

 

 

Figure 5- 4.PCT isotherms during activation cycling for the TiMn2 system201. 

 

 

5.1.1.2 Partial substitution of Ti or/and Mn with other elements.  

 

In order to improve sorption properties, the AB2 laves phases are alloyed by partial 

substitution of either A or B or both by other elements. The largest numbers of 

investigations are devoted to the study of hydrogen storage alloys based on Ti-Mn . The 

experimentally studied formulae compositions of the investigated Ti-Mn  based alloys 

are given below. 
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Where A and B’, B’’, B’’’ elements substitute the Ti and Mn respectively. The partial 

substitution of Ti and / or Mn with other elements in the TiMn1.5 system has been 

studied in multiple variations such as Ti-Mn ternary (Ti1-xZrxMn), quaternary (Ti1-xZrxMn2-

yBy) and quinary (Ti1-xZrxMn2-y-zByCz) systems194,202,203. 

 

For the Ti1-xZrxMn system, partial substitution of Ti by Zr results in an increase in crystal 

lattice constants and a decrease in equilibrium pressure193. These are due to the metal-

hydrogen interactions which control the stability of metal hydride204. The plateau 

pressure of Zr hydride is lower than that of Ti hydride. The increase in Zr value also 

results in a decrease of the release hydrogen in spite of increasing the desorbed 

hydrogen. The reasons for increased hydrogen absorption are due to the radius of the Zr 

atom is larger than that of the Ti atom and Zr has a stronger affinity with hydrogen than 

Ti205.  

 

Partial substitution of Mn by another element yielded a wider range of plateau pressure 

without loss of hydrogen capacity (except for Al) as shown in Fig. 5-5190,195. 
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Figure 5- 5.PCT isotherms for the TiMnxBy system190,195. 

 

Ni substitution led to an increase of the plateau pressure. The radius of the Ni (0.1246 

nm) atom is smaller than that of the Mn (0.1304 nm) atom. Thus, the unit cell volume 

decreases, the interstitial sites for hydrogen become smaller and the insertion of 

hydrogen is harder so that the plateau pressure increases194,195. The plateau also 

becomes less steep. This is due to the annealing process that led to the disappearing 

(almost) of the minor phase, so that the phase became more and more homogenous 

and the plateau became flatter190,194,195. 

 

The Co (0.1252 nm) atom has a smaller radius than that of the Mn atom. However, its 

substitution did not lead to major change on hydrogen storage properties even if the 

lattice parameters were changed 194,195. 

 

The Cr (0.13 nm) atom has almost the same radius as Mn atom. Its substitution led to a 

small decrease of the absorption plateau pressure in spite of almost not affected 
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desorption plateau pressure. This improvement hysteresis property could be explained 

by the different hysteresis behavior reported for TiMn2 hydride and TiCr2 hydride193-

195,206. 

 

The V (0.134 nm) atom is larger than that of a Mn atom. Thus, the unit cell volume 

increases, the interstitial sites for hydrogen become larger and the insertion of hydrogen 

is easier so that the plateau pressure decreases and also increasing hydrogen content 

190,194,195,206,207. The slope of the plateau also increases. For the hexagonal AB2 Laves 

phase, hydrogen atoms mainly occupy two kinds of interstitial site: [A2B2] and [AB3]. 

After V substitution, there are two kinds of B atom: Mn and V. In the alloy there will 

exist various interstitial sites, for example [A2MnV],[A2Mn2 ],[A2V2], which have different 

local environments and so different hydrogen affinities. Interstitial sites such as [AV3] or 

[A2V2] have a strong affinity to hydrogen resulting in a sloping plateau194,195,206. 

 

The Al (0.143) atom is larger than that of Mn atom. This led to a decrease of the plateau 

pressure. The hydrogen sorption capacity was also decreases. According to the local 

environmental model (Ivey 1981), after Al substitution, two kinds of interstitial site (A2B2 

and AB3) changed from [Ti2Mn2] or [TiMn3] to [Ti2MnAl] or [TiMn2Al] or [TiMnAl2] or 

[Ti2Al2] or [TiAl3]. As Al did not have a strong affinity to hydrogen, these last two sites 

should not contain hydrogen resulting in a decrease in hydrogen capacity194,195,208. 

 

For the Ti1-xZrxMn2-yBy system, where B is any element, as x (Zr content) increases or y 

(substituted element content) decreases, the dissociation pressure decreases due to a 

larger lattice constant and provides an increased hydrogen absorption capacity. As for 

the Ti1-xZrxMn2-y-zByCz systems, where B and C are different elements, these 

compositions have been studied to further improve the properties of Ti1-xZrxMn2-yBy 

systems, where the type of elements used (C) can further alter the properties of the Ti-

Mn system to optimize the properties of the hydrogen storage material202,203. 
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5.1.1.3 Catalyzed of TiMn2alloys. 

 

Laves phase (Ti0.9Zr0.2V0.3Cr0.3Mn1.5) alloys have been ball milled with x wt.% rare-earth-

based alloy (La0.7Mg0.25Zr0.05Ni2.975Co0.525) as a surface modifier198. The hydrogen sorption 

properties of the composite revealed that the pressure plateau and the hysteresis 

decreased with the increasing x, which were much lower than those of the 

Ti0.9Zr0.2V0.3Cr0.3Mn1.5 alloy (Fig. 5-6). It took only 200 and 2500 s to reach the constant 

pressure for the hydrogen absorption and desorption reaction. The La-Mg-based alloy 

particles on the surface facilitate the dissociation of hydrogen molecules into hydrogen 

atoms during the hydrogen absorption process and the recombination of hydrogen 

atoms during hydrogen desorption process.  

 

 

Figure 5- 6.PCT curves of the AB2 – x wt.% AB3.5 composite alloys198. 

 

 

 

 



117 
 

5.2 Applications 
 

Research on AB2 intermetallic compounds for hydrogen storage has been ongoing for 

approximately 40 years. However, at the present time they do not satisfy the 

requirements for mobile storage due to low gravimetric storage capacities (< 2 wt.%) 

and often high material cost. The storage capacity limitation is less important for 

stationary storage applications including thermodynamic devices (refrigerator and air 

conditioner)9, fuel cell applications207,209-212 and energy storage units in remote 

regions9,34. In addition, there are no weight problems in using heavy hydrogen storage 

tanks if hydrogen is used as a future fuel or fuel additive for sea transportation (because 

the extra weight can be used to provide ballast to keep the ship stable)11. An 

inexpensive intermetallic system with the requisite sorption pressure at a desired 

temperature with adequate kinetics has the potential to be a hydrogen storage material 

for these markets.  

 
 

5.3 Results and discussions 

5.3.1 TiMn commercial 

 

This section has been published in International Journal of Hydrogen Energy213. The 

commercial Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy is a benchmark system for the 

Ti-Mn mechanical alloying samples. Therefore in this study, the 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy was characterized with respect to its 

structure, morphology and hydriding properties in order to understand the effect of 

substituting Zr for the Ti site and V, Fe, Cr and Al for the Mn site within Ti-Mn alloy. 

Based on these commercial alloy properties, different Ti-Mn alloy compositions were 

synthesised using a mechanical alloying technique.  
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5.3.1.1 X-Ray Diffraction (XRD) analysis 

 

X-ray diffraction (XRD) data was collected on theTi0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 

alloy before and after hydrogen sorption measurements were undertaken as shown in 

Fig. 5-7(a) and (b). The alloy was indexed as a hexagonal C14 Laves phase (P63 / mmc 

space group) as shown in Fig. 5-7. A single peak in the alloy sample pattern at 2  = 42.0  

was indexed to MnAl phase. The diffraction data was further analysed using the Rietveld 

method to determine the lattice parameters before and after hydrogenation and 

dehydrogenation as listed in Table 5-1.  

 

 

Figure 5- 7.X-Ray Diffraction (XRD) of Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5: (a) as 
received and (b) after absorption and desorption at 25, 40 and 60 °C. Rietveld fits to 

the data are also displayed along with difference plots. 
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Table 5- 1:Unit cell parameters of Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy. 

 a (nm) c (nm) V (nm
3
) 

Unhydrided 0.4861 ± 0.0001 0.7966 ± 0.0002 0.1630 ± 0.0001 

After multiple 
hydrogenation and 
dehydrogenation 

cycles 

0.4869 ± 0.0001 0.7981 ± 0.0001 0.1639 ± 0.0001 

TiMn2 C14 Laves 
phase 

PDF No. 07-0133) 

0.4825 0.7917 0.1596 

 

 

Hydrogen atoms are stored at interstitial sites in the host metal lattice during the 

absorption process. This causes the lattice to expand and lose some of its symmetry. The 

co-existence of the non-expanded solid solution phase and anisotropically expanded 

hydride phase, gives rise to lattice defects and internal strain, ultimately causing the 

decrepitation of the brittle host metals. For Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 the 

calculated crystallite size is found to slightly increase from 33 ± 1 nm to 39 ± 1 nm after 

multiple cycles of hydrogenation and dehydrogenation however the particle size was 

found to significantly decrease as discussed in the following section. The stored 

hydrogen atoms within the absorbed sample are later released during the desorption 

process44,45, and forTi0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 the hydrogen is desorbed 

from the material under ambient pressure and temperature. Therefore lattice 

expansions cannot be detected using ex-situ XRD as the sample cannot be analysed in 

the hydride state. It should be noted that it is possible to perform ex-situ XRD on 

hydrided alloys but they need to be kinetically stable so that they don’t desorb 

hydrogen, often requiring them to be first oxidised214. 

 

From the XRD results provided in Fig. 5-7 and Table 5-1 it is apparent that there is no 

structural change after hydrogenation and dehydrogenation cycling. However, an 

expansion of the crystal lattice for Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 is found to be 



120 
 

larger than for pure TiMn2 due to the incorporation of substituted elements as shown in 

Table 5-1. 

 

 

5.3.1.2 Microstructure 

 

The microstructure of the Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy was investigated 

using scanning electron microscopy (SEM) before and after hydrogenation and 

dehydrogenation cycling. SEM micrographs are showed in Fig. 5-8 (a) for the as-received 

alloy and Fig. 5-8 (b) and (c) for particles after hydrogenation and dehydrogenation 

cycling. The average particle size before hydrogen sorption is 50 - 200 µm. After the 

sample is cycled multiple times with hydrogen the particle size decreases to generally 

less than 20 µm and the fractured particle surfaces appear to consist of smooth 

crystallographic facets. According to previous studies, Ti-Mn alloys are rapidly pulverized 

into fine powder only by the first hydrogenation cycle and the subsequent 

hydrogenation cycles result in a slow pulverization process44,190. During the first 

hydrogenation cycle, hydrogen introduces strain into the alloy surface and when the 

strain reaches a critical value for cracking, spalling occurs at the surface. The freshly 

created surfaces provide larger surface area and shorter distances for H to diffuse. 

These factors bring about rapid hydrogen sorption kinetics. This decrepitating process 

occurs to some degree with each hydrogenation cycle and can lead to internal cleavage 

fractures in the particles as seen in Fig. 5-8 (c). During the SEM investigations energy 

dispersive spectroscopy (EDS) was undertaken to verify the elemental composition of 

the alloy. The EDS results (Fig. 5-9) are compared to inductively coupled plasma (ICP) 

results reported by Sigma-Aldrich in Table 5-2. It is evident that the composition of the 

alloy is consistent between analysis techniques and as such the elemental composition 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 is accurate. 
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Figure 5- 8.(a) SEM of the as-received Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5  alloy and 
(b & c) after hydrogenation cycling. 
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Figure 5- 9.EDS spectra of Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5  alloy. 

 

Table 5- 2:Elemental composition of alloy 

Element ICP (Sigma-Aldrich) wt.% EDS (SEM) wt.% 

Mn 50.9 50.2 ± 0.33 

Ti 28.7 29.3 ± 0.26 

V 13.8 13.6 ± 0.22 

Fe 3.35 3.51 ± 0.21 

Cr 1.45 1.45 ± 0.15 

Zr 1.10 1.36 ± 0.22 

Al 0.43 0.45 ± 0.07 

 

 

5.3.1.3 Hydrogen Sorption 

 

Hydrogen sorption pressure-composition isotherms (PCI’s) at 25, 40 and 60°C are shown 

in Fig. 5-10. Each data point is the result of a kinetic sorption measurement until 

hydrogen equilibrium is achieved. The size of the plateau region decreases as a function 
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of temperature. With increasing sorption temperature from 25°C, 40°C to 60°C, the 

amount of absorbed hydrogen decreases from 1.71 ± 0.01 wt.%, 1.56 ± 0.01  wt.% and  

1.43 ± 0.01  wt.% respectively. The maximum hydrogen storage capacity at room 

temperature (1.71 wt.%) is lower than for the pure TiMn1.5 system (1.86 wt.%) 190. This is 

likely due to the presence of a MnAl impurity phase within 

theTi0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 commercial alloy that does not react 

sufficiently with hydrogen. The hysteresis factor, defined as desabs PPln , for 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 was also found to be a function of temperature 

as shown in Table 5-3. Both the absorption and desorption plateaus increased with 

increasing temperature and this feature along with the hydrogen capacity and hysteresis 

result conform to the classic behaviour of metal-hydride systems193,215. 

 

 

Figure 5- 10.PCI curves of the Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5  alloy for 
hydrogen absorption and desorption at 25, 40 and 60°C. 
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Table 5- 3:Hydrogen sorption properties of Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5. 

Temperature 

(°C) 

Maximum Capacity 

(wt.% H2) 

Plateau Pressure 

PAbs(bar) PDes(bar) Hysteresis 

desabs PPln  

25 1.71 ± 0.01 at 78 bar 25.20 ± 0.03 16.15 ± 0.02 0.445 ± 0.002 

40 1.56 ± 0.01 at 69 bar 39.01 ± 0.03 27.05 ± 0.04 0.366 ± 0.002 

60 1.43 ± 0.01 at 86 bar 62.70 ± 0.04 47.06 ± 0.09 0.287 ± 0.003 

 

 

The kinetics of hydrogen absorption and desorption were measured by recording 

pressure data at the different temperatures at which PCIs were collected. Fig. 5-11(a) 

and (b) show the kinetic curves for absorption and desorption, respectively, at the 

midpoint of the plateau. The sorption kinetics shows that the alloy reaches a hydrogen 

sorption equilibrium within 15 minutes.  

 

 

Figure 5- 11.Hydrogenation kinetics on (a) absorption and (b) desorption at different 
temperatures in Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5. 
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The enthalpy (ΔH) and entropy (ΔS) of hydrogen desorption can be calculated from the 

van’t Hoff equation: 

 

R

S

RT

H

f

fH

0

2ln

 

          

where fH2 is the hydrogen fugacity corresponding to the absorption or desorption 

plateau pressures (see elsewhere for more information53).The van’t Hoff plot provided 

in Fig. 5-12 was constructed from the absorption/desorption pressure of the PCI curves 

(Fig. 5-10) at a wt.% of 0.9 - 1.0 according to van’t Hoff equation. This allows for the 

hydride formation (absorption) and decomposition (desorption) thermodynamics (ΔH 

and ΔS) to be determined using a weighted least-squares method from the fit in the 

van’t Hoff plot (ln f versus 1/T). The calculated ΔH and ΔS values are provided in Table 5-

4 in comparison to other similar Ti-Mn systems in the literature.  

 

 

Figure 5- 12.van’t Hoff plot for the Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy. 
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As the Ti content increases within a Ti-Mn alloy, the amount of absorbed H increases 

uniformly. At a Ti content of 37 at.%, there is a sudden increase of the amount of 

absorbed H indicating that there is a minimum lattice constant required to absorb a 

large amount of H within the Laves phase structure190. The amount of desorbed H also 

increases until the Ti content reaches about 40 at.% (TiMn1.5) at this concentration the 

amount of desorbed H decreases190. This may be due to the β-Ti phase existing within 

high Ti-content alloys, forming a very stable hydride where most of absorbed H is 

trapped within titanium. Therefore TiMn1.5 shows the most desirable properties as 

hydrogen storage material. The maximum absorbed hydrogen reported for the pure 

TiMn1.5 system is 1.86 wt.% H2 and the maximum desorbed hydrogen is 1.53 wt.% H2
190. 

This data demonstrates that the TiMn1.5 system contains hydrogen even after 

desorption at 20 C. The partial substitution of Ti and/or Mn with other elements in the 

TiMn1.5 system has been studied in multiple variations such as Ti-Mn ternary (Ti1-

xZrxMn), quaternary (Ti1-xZrxMn2-yBy) and quinary (Ti1-xZrxMn2-y-zByCz) systems 194,202,203. 

With increasing substitution, the lattice constant increases which leads to a decrease of 

both the plateau pressure and the hysteresis in conjunction with an increased hydrogen 

capacity 190,195. 

 

For the Ti1-xZrxMn system, the increase in x (Zr content) results in a decrease of the 

quantity of desorbed hydrogen despite an increase in the absorbed hydrogen190,205. Both 

the absorption and desorption plateau pressure decrease with the increase of Zr in the 

system. The reason for the increase in the quantity of absorbed hydrogen is that Zr has a 

stronger affinity for hydrogen and larger metallic radius than Ti whilst the decrease in 

desorbed hydrogen is related to the stability of titanium hydride204. The plateau 

pressure of Zr hydride is lower than Ti hydride. Therefore Zr hydride is more stable than 

Ti hydride. As a result, a high Zr content result in difficulties in hydrogen desorption 

from the Ti-Mn system.  For the Ti1-xZrxMn2-yBy system, where B is any element, as x (Zr 

content) increases or y (substituted element content) decreases, the dissociation 
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pressure decreases showing larger lattice constant and a larger hydrogen absorption 

capacity. The influence of the substitution for Mn by other elements was correlated with 

the metallic radius and the affinity with H of the substitution elements193,194. In the case 

of Al and V substitution, the metallic radius was larger than that of Mn, so the lattice 

constant increased and the plateau pressure was reduced. In the case of Fe, the metallic 

radius is smaller than Mn, therefore the lattice constant decreased and the plateau 

pressure increased. However in the case of Cr, the lattice constant increases slightly 

albeit the metallic radius is almost the same as that of Mn. The residual hydrogen is also 

less of a problem in this system compared to TiMn1.5 and TiMn2-yBy systems190. As for the 

Ti1-xZrxMn2-y-zByCz systems, where B and C are different elements, these compositions 

have been studied to further improve the properties of Ti1-xZrxMn2-yBy systems, where 

the type of elements used (C) can further alter the properties of the Ti-Mn system to 

optimise the properties of the hydrogen storage material202,203.  

 

Table 5- 4:Comparison of ΔH and ΔS values of several Ti-Mn alloy systems . 

System Absorption Desorption 

 

ΔH 

(kJ/ 

mol H2) 

ΔS 

(J/mol 

H2/K) 

ΔH 

(kJ/mol 

H2) 

ΔS 

(J/mol 

H2/K) 

1 bar 

desorption 

equilibrium 

temperature 

(°C) 

Calculated 

PDes at 

20°C (bar)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

A: Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5
213

 -21.7 ± 

0.1 

-99.8 ± 

0.2 

25.4 ± 

0.1 

108.5 ± 

0.2 

-39.0 ± 0.5 13.9 ± 0.3 

B: Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5
216

                  - - 27.4 112.0 -28.5 9.29 

C: Ti0.98Zr0.02V0.41Fe0.08Cr0.05Mn1.46
215

           - - 29.2 121.2 -32.2 13.42
 

D: Ti0.95Zr0.05V0.43Fe0.08Al0.01Mn1.48
215

                -25.6 - 29.4 106.5 2.9 2.11
 

E: Ti0.955Zr0.045V0.43Fe0.12Al0.03Mn1.52
215

            - - 28.7 116.9 -27.6 9.82 

*Experimental PDes reported for system C (Ti0.98Zr0.02V0.41Fe0.08Cr0.05Mn1.46) and D 

(Ti0.95Zr0.05V0.43Fe0.08Al0.01Mn1.48) are 6.5 bar and 3.4 bar respectively. 
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From Table 5-4, it shown that the increase in Zr content results in a decrease in 

equilibrium pressure and the introduction of V, Cr and Al leads to further reduction in 

the hydrogen equilibrium pressure of these alloy systems. The plateau pressure of 

system A (Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5), B (Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5) and 

E (Ti0.955Zr0.045V0.43Fe0.12Al0.03Mn1.52) is 13.9 ± 0.3, 9.29 and 9.82 bar respectively at 20°C. 

For both system C (Ti0.98Zr0.02V0.41Fe0.08Cr0.05Mn1.46) and D 

(Ti0.95Zr0.05V0.43Fe0.08Al0.01Mn1.48) the experimental equilibrium pressures do not match 

the pressures calculated from the thermodynamic properties. The discrepancy between 

the calculated and measured equilibrium pressures indicates that the reported 

thermodynamic data is not appropriate for these systems. The differences in 

composition between the alloys in Table 5-4 obviously lead to changes in the hydrogen 

sorption behaviour.  

 

5.3.2 TiMn synthesized by mechanical alloying technique. 

 

Based on the commercial Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 alloy properties, Ti-Mn 

alloy compounds with compositions TiMn2, Ti0.97Zr0.019Mn1.5Cr0.57 and 

Ti0.7875Zr0.2625Mn0.8Cr1.2 were synthesised using a mechanical alloying technique. The 

synthesised alloys were characterized based on their structure, morphology and 

hydriding properties. 

 

 

 

 

 

 

 

 



129 
 

5.3.2.1 X-Ray Diffraction (XRD) 

 

 

Figure 5- 13.XRD pattern of as-milled TiMn2 powders using BPR of 12:1 at (a) 2 h, (b) 
12 h and (c) 40 h milling times. 

 

Fig. 5-13 shows the XRD patterns of the as-milled TiMn2 powders subjected to increased 

times of milling using a ball to powder mass ratio (BPR) of 12:1. 3 drops of toluene as a 

process control agent (PCA) was added to the starting reagents (5 grams) during milling. 

After 12 h of milling, both Ti and Mn peaks were still present. The diffraction peaks are 

slightly broader compare to those after milling for 2 h. TiC peaks were observed in the 

XRD pattern due to addition of toluene during milling process. TiC and TiO phases have 

similar major XRD peaks, so those denoted in Fig. 5-13 most likely represent the 

presence of a combination of both TiC and TiO in the sample. After 40 h milling, the 

sample became quite nanocrystalline. All peaks except the strongest peak of Mn 

become nearly invisible. The position of the remaining peak of Mn was shifted to a 

lower angle.   
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The as-milled TiMn2 sample was then annealed at 800 C under vacuum for 3 hours. The 

XRD pattern shown in Fig. 5-14 consists of peaks related to TiMn2, TiC, TiO and Mn. The 

TiMn2 phase was easily indexed on the basis of the hexagonal C14-Laves phases (P63 / 

mmc space group). The calculated lattice parameters determined by Rietveld analysis 

are listed in Table 5-5. This result showed that the crystalline phase of Ti-Mn could be 

achieved through annealing of its milled powder. This is consistent with previous study 

of synthesising crystalline Ti50Mn50 alloy by milling for 40 h and annealing at 700 - 900 C 

65.Annealing was also reported to increase the homogeneity of the crystal structure of 

the sample190. 

 

 

Figure 5- 14.XRD pattern of annealed TiMn2 using BPR of 12:1. 

 

During mechanical alloying, powder particles are subjected to high-energy collision, 

which causes the powder particles to be cold-welded together and fractured. The 

essential condition for a successful mechanical alloying process is the balance between 

cold-welding and fracturing. However, this balance may not be obtained by the milling 

process itself, especially when soft materials are used. For such cases, cold welding 

among powder particles and between powder particles and milling tools becomes a 
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serious problem. In order to obtain the balance between the welding and fracturing, a 

PCA is added in the milling process. The PCA adsorbs on the surface of the powder 

particles and minimizes the cold welding effect56,59. It is known that Mn is much softer 

and is more easily to be cold welded to the milling tools compare to Ti. Brinell hardness 

reported for Ti and Mn are 716 MNm-2 and 196 MNm-2 respectively. To avoid this, 

toluene was used as a PCA. However, the addition of toluene resulted in the formation 

of TiC in the sample.  Hydrocarbon PCAs have been reported to introduce carbon and/or 

oxygen into the powder particles, resulting in the formation of carbides and oxides 

which are uniformly dispersed in the matrix56. 

 

An XRD pattern of the starting Ti powder (Fig. 5-15) also revealed that a minor oxide 

phase already present in the purchased product. Ti powder is known to be more 

reactive with oxygen when in extremely small particle size (in this case -100 mesh 

powder)56,64. The strongest peak in the starting Ti powder at 36.6  could not be indexed 

to any known pure Ti element or oxide and is an unknown component. This indicates 

that there could be an impurity in the Ti starting powder. As a result of these impurity, 

carbide and oxide phases, the level of Ti available to form TiMn2 alloy was reduced and a 

high level of Mn was left in the sample. Based on Rietveld analysis in Table 5-5, only 

37.24 wt.% TiMn2 phase was formed in the sample. 
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Table 5- 5:Rietveld analysis for phase composition and lattice parameter calculated 
from XRD patterns in Fig. 5-13, 5-14, 5-17 and 5-19. Mathematical fitting uncertainties 
are provided (2 standard deviations). 

Alloys Annealed (wt.%) Lattice parameters  

 a(nm) c(nm) V(nm3) 

TiMn2 

(BPR 12:1) 

C14 
TiO/TiC 

Mn 
 

37.24 0.5 

22.16 0.5 

40.59 0.5 

0.4821 0.7856 0.1581 

TiMn2 

(BPR 20:1) 

TiO/TiC 
Mn 

 

25.22 0.3 

74.77 0.3 

 
- 

 
- 

 
- 

Ti0.97Zr0.019Mn1.5Cr0.57 C14 
TiO/TiC 

Mn 
 

31.5 1.2 

10.31 0.8 

58.19 1.6 

0.4837 0.7892 0.1600 

Ti0.7875Zr0.2625Mn0.8Cr1.2 C14 
TiO/TiC 

Cr 
Zr 

32.81 0.5 

16.41 0.7 

39.98 0.5 

10.79 0.5 

0.4859 0.7940 0.1623 

TiMn2 C14 Laves 
phase PDF No. 07-
0133 
 

 
- 

 
- 

0.4825 0.7917 0.1596 

 

 

Figure 5- 15.XRD pattern of starting powder Ti. 
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Figure 5- 16.BF image and the corresponding EDS elemental mapping of TiMn2 using 
BPR of 12:1. (bright region is shown by the black arrow) 

 

 

Fig. 5-16 shows the bright field (BF) image of the sampleTiMn2 using BPR of 12:1 after 40 

hours milled and annealed at 800 C and the corresponding EDS elemental mapping. The 

BF image shows no sign of a lamellae structure. At the beginning of mechanical alloying, 

different elemental powder particles are partially mixed and large blocks containing 

coarse layers have formed217. Formation of a coarse lamellae structure of initial powders 

may be due to low plastic deformation. Continuous cold welding and fracturing result 

coarse layers to be fractured and flattened and subsequently fresh metal surfaces 

welded together217. This results in formation of fine layered structure and inter-diffusion 

of elements across layers217. With further milling up to 40 h, the layers became hardly 

detectable. The elemental mapping of the sample shows the characteristic energies of Ti 

and Mn. Both elements are distributed homogeneously throughout the sample except 

the bright region. The brighter region contains more Mn and less Ti than the darker 

region. This observation indicates that there may not be enough Ti content to diffuse in 

the (Ti, Mn) matrix forming different contrast in the sample.  
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Figure 5- 17.XRD pattern of TiMn2 using BPR of 20:1. 

 

 

Fig. 5-17 shows the XRD pattern of TiMn2 sample prepared by mechanical alloying the 

starting reagents using a BPR of 20:1 for 40 hours. 3 drops of toluene were added to the 

starting reagents during milling. Then the as-milled sample was annealed at 800 C under 

vacuum for 3 hours. The XRD pattern consists of peaks related to TiC, TiO and Mn. TiMn2 

Laves phases were not detected in the sample. At a high ball to powder ratio, the 

number of collisions per unit times increases. Due to a small amount of the toluene 

used, only a limited surface area of the Mn particles could be covered by it. As a result, 

excessive cold welding occurred; more Mn particles get stuck to the milling tools. 

Therefore due to low level of Ti and Mn, alloying reaction to form TiMn2 could not take 

place in this sample.  
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Figure 5- 18.BF image and the corresponding EDS elemental mapping of TiMn2 using 
BPR of 20:1. (bright region is shown by the black arrow) 

 

 

Fig. 5-19 and Fig. 5-20 show the XRD patterns of Ti0.97Zr0.019Mn1.5Cr0.57 and 

Ti0.7875Zr0.2625Mn0.8Cr1.2 samples respectively prepared by mechanical alloying the 

starting reagents using a BPR of 12:1 for 40 hours. 3 drops of toluene was added to the 

starting reagents during milling. Then the as-milled samples were annealed at 800 C 

under vacuum for 3 hours. Both XRD patterns consist of peaks related to TiMn2, TiC, TiO 

and Mn. As a result of impurity, carbide and oxide phases’ presence in these samples, 

the level of Ti available to form TiMn2 alloy were reduced. Based on Rietveld analysis in 

Table 5, only 31.5 wt.% and 32.81 wt.% TiMn2 phase was formed in Ti0.97Zr0.019Mn1.5Cr0.57 

and Ti0.7875Zr0.2625Mn0.8Cr1.2 respectively. For Ti0.7875Zr0.2625Mn0.8Cr1.2, due to its low wt.% 

TiMn2 phase formed and the high level of substitute elements used (Zr and Cr), only 

limited levels of partially substitution could take place in the sample. As a result, peaks 

related to Cr and Zr phases were still detected in this sample as shown in Fig. 20. The 

effects of partial substitution of Zr for Ti and Cr for Mn are shown in Table 5 - 5. With 

increasing Zr and Cr content, the lattice parameter of the C14- Laves phases were also 

increased. This is due to the atom radius of Zr and Cr are bigger than that of Mn.  
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Figure 5- 19.XRD pattern of Ti0.97Zr0.019Mn1.5Cr0.57. 

 

 

Figure 5- 20.XRD pattern of Ti0.7875Zr0.2625Mn0.8Cr1.2. 
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Figure 5- 21.BF image and the corresponding EDS elemental mapping of 
Ti0.97Zr0.019Mn1.5Cr0.57 (bright region is shown by the black arrow). 

 

Fig. 5-21 shows the BF image of the sampleTi0.97Zr0.019Mn1.5Cr0.57 and its corresponding 

EDS elemental mapping. All elements are distributed homogeneously throughout the 

sample except the bright region. The brighter region contains more Cr, Mn and less Ti 

than the darker region. This indicates that the alloy was composed of the C14 Laves 

phase (dark region) and some impurity phase of Mn and Cr (bright region). This result is 

also similar with sample Ti0.7875Zr0.2625Mn0.8Cr1.2 as shown in Fig. 5-22. However Zr 

element was also detected in this sample due to high level of Zr in sample 

Ti0.7875Zr0.2625Mn0.8Cr1.2 compare to Ti0.97Zr0.019Mn1.5Cr0.57. 
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Figure 5- 22.BF image and the corresponding EDS elemental mapping of 
Ti0.7875Zr0.2625Mn0.8Cr1.2( bright region is shown by the black arrow). 

 

EDS data verifies the presence of high quantities of Ti and Mn in all samples (Fig. 5-23a, 

b, c and d). EDS also showed the existence of Fe, Cr and Ni for all samples (Fig. 23a, b, c 

and d), as a result of an excessive wear of the milling tools (Fig. 5-23e). Zr and Cr are the 

results of partial substitution of Ti and Mn in sample Ti0.97Zr0.019Mn1.5Cr0.57 (Fig. 5-23c) 

and Ti0.7875Zr0.2625Mn0.8Cr1.2 (Fig. 5-23d).Cr contents are higher in Fig. 23d due to high 

level of Cr in sample Ti0.7875Zr0.2625Mn0.8Cr1.2 compare to sample Ti0.97Zr0.019Mn1.5Cr0.57. C 

comes from using toluene as a PCA.  
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Figure 5- 23.EDS spectra of (a) TiMn2 with BPR 12:1 (b) TiMn2 with BPR 20:1 (c) 
Ti0.97Zr0.019Mn1.5Cr0.57, (d) Ti0.7875Zr0.2625Mn0.8Cr1.2 and (e) milling tools. 
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Table 5-6, 5-7 and 5-8 show the maximum hydrogen wt.% of sample TiMn2, 

Ti0.97Zr0.019Mn1.5Cr0.57 and Ti0.7875Zr0.2625Mn0.8Cr1.2 respectively. Before any measurements 

were undertaken the sample was first evacuated for 1 h at 25 C to remove any 

adsorbed gas. Activation of the alloy was then undertaken by first introducing 90 - 96 

bar of hydrogen into the sample chamber at room temperature for 1 h, followed by an 

evacuation step. This hydrogen absorption/desorption activation cycle was undertaken 

3 times. After completion of the activation process, the residual hydrogen within the 

sample was removed via evacuation at room temperature for 24 h. Maximum hydrogen 

absorbed in TiMn2, Ti0.7875Zr0.2625Mn0.8Cr1.2and Ti0.97Zr0.019Mn1.5Cr0.57 sample were only 0.15 

wt.%, 0.19 wt.% and 0.34 wt.% respectively due to impurities phases. It was clear that 

theoretical value of 1.9 hydrogen wt.% would not be reached by these samples. High 

energy milling and longer milling time lead to heavy deformation of samples and high 

oxidisation of sample56. It is believed that these crystal deformities and together with 

impurity phases (oxides, carbides, MnCrZr) both contribute to the low hydrogen weight 

capacity achieved in these samples. 

 

Table 5- 6:Hydrogen contents in TiMn2 sample using BPR of 20:1. 

Cycle Hydrogen Absorption Maximum hydrogen 
wt.% 

1 Initial pressure of 96.30 bar was applied at RT for 1 h and the 
final pressure was 47.98 bar. 

0.15 

2 Initial pressure of 94.35 bar was applied at RT for 1 h and the 
final pressure was 47.10 bar. 

0.15 

3 Initial pressure of 94.68 bar was applied at RT for 1 h and the 
final pressure was 47.18 bar. 

0.12 

 

Table 5- 7:Hydrogen contents in Ti0.97Zr0.019Mn1.5Cr0.57 sample. 

Cycle Hydrogen Absorption Maximum hydrogen 
wt.% 

1 Initial pressure of 96.19 bar was applied at RT for 1 h and the 
final pressure was 49.29 bar. 

0.19 

2 Initial pressure of 96.74 bar was applied at RT for 1 h and the 
final pressure was 49.53 bar. 

0.17 

3 Initial pressure of 96.88 bar was applied at RT for 1 h and the 
final pressure was 49.52 bar. 

0.18 
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Table 5- 8:Hydrogen contents in Ti0.7875Zr0.2625Mn0.8Cr1.2 sample. 

Cycle Hydrogen Absorption Maximum hydrogen 
wt.% 

1 Initial pressure of 90.81 bar was applied at RT for 1 h and the 
final pressure was 42.25 bar. 

0.32 

2 Initial pressure of 90.65 bar was applied at RT for 1 h and the 
final pressure was 42.29 bar. 

0.34 

3 Initial pressure of 90.54 bar was applied at RT for 1 h and the 
final pressure was 42.12 bar. 

0.28 

 

From the hydrogen absorption measurement, the kinetics of the samples (Fig. 5-24) was 

determined. The kinetics of hydrogen absorption was measured by recording wt.% data 

at room temperature. It was found that the sample had very fast kinetics, with alloys 

reaching hydrogen absorption equilibrium within 30 minutes. 

 

 

Figure 5- 24.Hydrogenation kinetics on absorption at room temperature for TiMn2, 
Ti0.7875Zr0.2625Mn0.8Cr1.2 and Ti0.97Zr0.019Mn1.5Cr0.57 samples after 3 activation cycles. 
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5.4 Conclusions 

5.4.1 TiMn commercial 

 

TiMn1.5 type alloy (Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5) has been studied. The 

enthalpy ( H) and entropy ( S) of hydrogen absorption and desorption have been 

calculated from a van’t Hoff plot as -21.7 ± 0.1 kJ/mol H2 and -99.8 ± 0.2 J/mol H2/K for 

absorption and 25.4 ± 0.1 kJ/mol H2 and 108.5 ± 0.2 J/mol H2/K for desorption. The 

investigation herein provides a detailed analysis of the thermodynamics of one TiMn1.5 

type alloy in contrast to other studies that often do not provide complete 

thermodynamic information. SEM results were also provided to demonstrate the 

microstructural evolution of the TiMn1.5 alloy upon hydrogenation cycling to provide 

insight into the kinetic benefit of hydrogen activation of these alloys. 

 

Typically the TiMn1.5 alloy systems present very fast kinetics and adequate equilibrium 

pressures for room temperature service, and this is also true for the 

Ti0.97Zr0.019V0.439Fe0.097Cr0.045Al0.026Mn1.5 system. The major drawback to the TiMn1.5 type 

alloys is the modest gravimetric hydrogen storage capacity along with the incorporation 

of a high quantity of high-cost vanadium. However the incorporation of iron in addition 

to vanadium allows for ferro-vanadium to be used as a starting reagent, dropping the 

vanadium cost by an order of magnitude. 

 

5.4.2 TiMn mechanical alloying 

 

Ti-Mn alloy compounds with the composition TiMn2, Ti0.97Zr0.019Mn1.5Cr0.57 

andTi0.7875Zr0.2625Mn0.8Cr1.2 have been synthesised. A nanocrystalline Ti-Mn alloy was 

formed when the starting reagents were mechanical alloying for 40 h. Then the 

corresponding crystalline phase TiMn was formed when the amorphous alloy was 

annealed at 800 C. The addition of PCA leads to the formation of carbide phase (TiC) in 

the samples. The presence of impurity, carbide (TiC) and oxide (TiO) phases resulted a 
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decrease in C14 laves phase wt.% in the synthesised samples. Only 37.24, 31.5 and 32.81 

wt.% C14 phase was formed in TiMn2, Ti0.97Zr0.019Mn1.5Cr0.57 and Ti0.7875Zr0.2625Mn0.8Cr1.2 

respectively. The result also showed that the theoretical value of 1.9 hydrogen wt.% 

could not be reached by these samples. 

 

5.5 Future Work 
 

Samples with an oxygen scavenger and an effective PCA that will not react with the 

starting reagents should be studied. TiMn1.5 alloy has been produced by mechanical 

alloying with the addition of 5 wt.% MgH2 as a PCA and then annealed at 900 C218. This 

alloy reached 1.67 hydrogen wt.%218. MgH2 produced a high yield of powder after 

milling process, has a strong affinity to oxygen and does not form any intermetallic 

compounds with Ti or Mn218. The synthesis of this alloy compound by using induction 

melting should also be considered as less lattice defects are introduced into the Ti-Mn 

alloy crystal structure and possible less oxygen66,218. 
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APPENDIX B: A LIST OF MAJOR COMPANIES IN FUEL CELL 

TRANSPORTATION, SMALL STATIONARY AND PORTABLE SECTOR. 

 

 

Several major fuel cell companies in the small stationary sector29. 

Company Website Location Details 

Altergy www.altergy.com USA Fuel cell tacks and systems for the 
UPS market 

ClearEdge www.clearedgepower.com USA 5 kW CE5 natural gas fuelled CHP 
unit 

Ebara 
Ballard 

 Japan JV between Ballard and Ebara, 1 
kWe PEM system 

Eneos 
Celltech 

 Japan JV between Sanyo Electric and 
Nippon Oil, PEM and SOFC 
residential units 

Hydrogenics www.hydrogenics.com USA HyPM-XR for integration in UPS 
datacenter cabinets and HyUPS for 
mobile phone 

IdaTech www.idatech.com USA Has deal to supply up to 30,000 5kW 
UPS systems to the Indian ACME 
group 

Matsushita  Japan Delivered 650-1 kW stacks 
P21 www.p-21.de Germany Pin out from Vodaphone, now 

supplies PEM UPS systems 
Plug Power www.plugpower.com USA GenSys low temperature units I 

being marketed to 
telecommunication sector 

Toshiba FCP  Japan 1 kW wants to be shipping 40,000 
units per annum in Japan by 2015 
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Major companies in the portable PEMFC sector30. 

Company Website Location Details 

CMR Fuel cells Cmrfuelcells.com UK 25 W hybrid DMFC laptop battery charger 
Jadoo power 
systems 

Adoopower.com USA Chemical hydride fuel cells, 100 W 
portable electric power supply for 
aeromedical evacuation applications 

Horizon Horizonfuelcell.com China H-racer series of toy and gadgets, hobbyist 
fuel cell systems 

MTI micro Timicrofuellcells.com USA Collaboration with equipment 
manufactures about external chargers 
including universal chargers 

Neah power 
systems 

Neahpower.com USA DMFC units 

Samsung DSI Amsungdi.com Korea Military DMFC battery with up to 800% 
more durability and 54% more power 

Sony sony.co.jp Japan DMFC powered recharging devices for 
laptops and mobile phones 

Toshiba Toshiba.co.jp Japan 10 W DMFC battery charger 

 

 

A list of key companies in the fuel cell transportation sector31,32. 

Company Website Location Details 

Ballard ballard.com Canada FC forklifts; HD6, their next generation 
engine for hybrid fuel-cell buses 

H2Logic h2logic.com Denmark FC forklifts, focusing on the European market 
Hydrogenics hydrogenics.com Canada 20 kW minibuses, APUs and range extenders 
Nuvera nuvera.com USA PowerEdge, hybrid FC forklifts, 82 kW FC bus 
Oorja 
Protonics 

oorjaprotonics.com USA DMFC-based charger for forklifts’ batteries 

Proton 
Motor 

proton-motor.de Germany FC powered street sweeper, light duty truck 

Tropical 
S.A. 

tropical.gr Greece Hybrid FC bikes and scooters with the FC 
charging the battery 

Protonex PROTONEX.com USA APUs, UAVs (Unmanned Aerial Vehicles) 
Volvo volvo.com Sweden APUs 
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APPENDIX C: ITERATIVE SOLVING TECHNIQUE 

 

 

Summary of an iterative solving technique in order to calculate the actual pressure for 

alane during absorption process heated at 323K, 373K and 423K respectively. This 

technique was applied in the case where a pressure indicator was not used. 

Modified gas law is expressed as 

 

 

where  , and are the initial pressure, volume, temperature, gas constant and 

compressibilitywhile  , ,  and  are the final pressure, volume, temperature, gas 

constant and compressibility. Assumed both volume  and gas constant 

 are the same values.So the above equation can be derived as 

 

 

For 298K 

 

743.535 x  =  
Try  = 1.958(when pressure = 1500 bar) 

743.535x 1.958 = 1455 bar 

Try  = 1.931 (when pressure = 1455 bar) 

743.535 x 1.931 = 1435bar 

Try  = 1.919 (when pressure = 1435 bar) 

743.535 x 1.919 = 1426bar 
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Try  = 1.913 (when pressure = 1426 bar) 

743.535x 1.913 = 1422 bar 

Try  = 1.911 (when pressure = 1422 bar) 

917.082 x 1.911 = 1420 bar 

So pressure was increased from 280 bar at 77K to 1420 bar at 298K. 

 

For 323K 

 

805.913 x  =  
Try  = 1.884 (when pressure = 1500 bar) 

805.913 x 1.884 = 1518 bar 

Try  = 1.894 (when pressure = 1518 bar) 

805.913 x 1.894 = 1526bar 

Try  = 1.898 (when pressure = 1526 bar) 

805.913 x 1.898 = 1529bar 

Try  = 1.9 (when pressure = 1529 bar) 

805.913x 1.9 = 1531 bar 

Try  = 1.901 (when pressure = 1531 bar) 

805.913x 1.901 = 1532 bar 

So pressure was increased from 280 bar at 77K to 1532 bar at 323K. 

 

For 373K 

 

930.667 x  =  
Try  = 1.765 (when pressure = 1500 bar) 
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930.667 x 1.765 = 1642 bar 

Try  = 1.834 (when pressure = 1642 bar) 

930.667x 1.834 = 1706bar 

Try  = 1.864 (when pressure = 1706 bar) 

930.667x 1.864 = 1734bar 

So pressure was increased from 280 bar at 77K to 1734 bar at 373K. 

 

For 423K 

 

1055.421 x  =  
Try  = 1.675 (when pressure = 1500 bar) 

1055.421 x 1.675 = 1767 bar 

Try  = 1.787 (when pressure = 1767 bar) 

1055.421x 1.787 = 1886bar 

Try  = 1.835 (when pressure = 1886 bar) 

1055.421x 1.835 = 1936bar 

Try  = 1.855 (when pressure = 1936 bar) 

1055.421x 1.855 = 1957 bar 

Try  = 1.864 (when pressure = 1957 bar) 

917.082 x 1.864 = 1967 bar 

So pressure was increased from 280 bar at 77K to 1967 bar at 423K. 
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APPENDIX D: HYDROGEN SORPTION CALCULATIONS 

 

 

Ambient sorption 

 

The change in the number of moles of hydrogen at ambient temperature can be 

calculated by using 

 

 

 

 

 

Where 

 - the initial number of moles of hydrogen in the reference side volume 

 - the initial number of moles of hydrogen in sample side volume 

 - the final number of mole of hydrogen at equilibrium 

 - the reference volume 

 -the sample side volume 

 -the volume that the sample displaces within the sample side volume  

which can be calculated from its mass and density 

 -the initial reference side pressure 

 -the initial sample side pressure, 

 -the final equilibrium pressure 
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 -the initial reference side temperature 

 -the initial sample side temperature 

 -the final equilibrium temperature 

  -the compressibility associated with Pr and Tr 

  -the compressibility associated with Ps and Ts 

  -the compressibility associated with Pe and Te. 

R –the universal gas constant (8.314472 JK-1mol-1) 

 

.  

Non-ambient sorption 

 

The change in the number of mole of hydrogen at non-ambient temperature can be 

calculated by the following 

 

 

 

 

 

 

Where 

 - the initial number of moles of hydrogen in the reference volume 

 - the initial number of moles of hydrogen in sample side volume 

 - the non-ambient sample side volume 
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 - the final number of mole of hydrogen at equilibrium 

is the reference volume 

 - the sample side volume 

 -the volume that the sample displaces within the sample side volume  

which can be calculated from its mass and density 

 -the initial reference pressure 

 -the initial sample side pressure 

 -the final equilibrium pressure 

 -the initial reference temperature 

 -theinitial sample side temperature 

 -the non-ambient sample side temperature 

-the final equilibrium temperature 

  -the compressibility associated with the initial reference measurements  

  -the compressibility associated with the initial sample side measurements 

 -the compressibility associated with the initial ample side non-ambient  

measurements. 

  -the compressibility associated with the final equilibrium ambient  

temperature measurements  

-the compressibility associated with the final equilibrium non-ambient  

measurements. 

R -the gas constant (8.314472 JK-1mol-1). 
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APPENDIX E: COPYRIGHT FORMS 

 

Copies of copyright permission for use of 3rd party information/reproduction. 
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