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ABSTRACT

Aluminium, aluminium hydride (alane), and magnesium hydride nanoparticles have
been mechanochemically synthesised in order to study their hydrogen sorption
properties in contrast to the bulk. Nanoparticle formation was facilitated by the
addition of a salt phase to ball milled chemical reagents that matched the reaction by-
product phase. The presence of a salt buffer during ball milling prevents

agglomeration and thus restricts particle growth.

Aluminium nanoparticles were mechanochemically synthesised with particle sizes
from 40 — 55 nm. The LiCl salt by-product phase was removed by washing with a
nitromethane/AlCl; solution resulting in 55 nm Al particles (single crystals) that did
not display any crystalline oxide phases. High pressure hydrogen absorption
experiments were undertaken up to 2 kbar at temperatures from 77 — 473 K to
examine if there were any major thermodynamic changes to the Al. No hydrogen
absorption could be detected proving that either smaller Al is required to form AlHj;
under these conditions or higher pressures are needed. Ni-coated and Ti-doped Al
nanoparticles were also synthesised in order to verify if catalytic metals could
enhance hydriding kinetics and allow hydrogenation to occur at lower pressures.

However the doped samples did not display any hydrogen absorption up to 108 bar.

Alane nanoparticles were synthesised using both room temperature and cryogenic
mechanochemical synthesis with particle sizes < 100 nm. The evolution of alane
production was investigated as a function of milling time under a variety of milling
conditions. Cryogenic milling was verified to form higher yields of AIH3 than room
temperature milling and four different alane phases (a, o', f, ) were identified by
XRD structural investigations. The LiCl reaction by-product phase was removed by
washing with a nitromethane/AICl; solution, which adversely reacted with the AlH;
nanoparticles. The hydrogen desorption kinetics in washed samples were hindered,
and the maximum H, wt.% was halved although no crystalline oxide or hydroxide
phases were found using XRD. Unwashed mechanochemically synthesised AlH3 was

found to desorb at room temperature over months and significantly at 50°C in a 24 hr



period. Quantitative Rietveld results coupled with hydrogen desorption
measurements suggested the presence of an amorphous AlH; phase in the

mechanochemically synthesised samples.

The mechanochemical synthesis of MgH, was undertaken with varying LiCl buffer
quantities. Increasing the buffer resulted in MgH, crystallite sizes down to 6.7 nm,
measured by XRD, whilst TEM investigations showed that increasing the buffer
resulted in smaller, more highly dispersed MgH, nanoparticles. The size of these
MgH, particles approached theoretical predictions for thermodynamic changes,
where the MgH, is only physically bound by the LiCl. Hydrogen equilibrium
pressure measurements were used to determine the decomposition enthalpy and
entropy for MgH, nanoparticles that were mechanochemically synthesised. A
reduction in both the decomposition enthalpy (AH decrease of 2.84 kJ/mol H;) and
entropy (AS decrease of 3.8 J/mol H,/K) was found for ~7 nm MgH, nanoparticles in
relation to bulk MgH,. The consequence of this thermodynamic destabilization is a
drop in the 1 bar hydrogen equilibrium pressure of ~6°C. The temperature drop is not
as large as theoretical predictions due to the decrease in reaction entropy which

partially counteracts the effect from the decrease in reaction enthalpy.
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CHAPTER 1

INTRODUCTION

“The science of today is the technology of tomorrow” — Edward Teller



1.1 OVERVIEW

This thesis is directed towards investigating the hydrogen storage properties of both
aluminium and magnesium nanoparticles. Materials that are widely available have
been chosen to be investigated because the Earth's mineral resources are running low
and many minerals and metals are set to run out within the next 10 - 50 years given
current demand '. If a metal-based hydrogen storage system is to be made
commercially viable, and available for installation into most of the cars on the planet,
then a material with a very high abundance in the Earth's crust must be selected as a
major component (see Figure 1-1). Both aluminium and magnesium comprise major
fractions of the Earth's crust making them ideal for mass implementation as a
hydrogen fuel tank from an economic standpoint. Furthermore, the high worldwide
production of aluminium metal (33.9 million tonnes in 2006 %) means that
aluminium-based hydrogen fuel tanks could be built very quickly without increasing
production. Whereas magnesium metal has a relatively low worldwide production
(708,000 tonnes in 2006 *) indicating that an increase in production would need to be

undertaken before mass implementation of magnesium-based hydrogen fuel tanks.
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Figure 1-1: Abundance of relevant, light elements in the Earth's crust °. Abundances are given
in parts per billion (ppb) by weight and are scaled logarithmically.



Aluminium and magnesium form chemical hydrides (AlH; and MgH, respectively)
when hydrogen gas pressure is applied under favourable conditions. The metal
hydrides decompose to their respective metals and hydrogen gas when samples are
heated. Both aluminium and magnesium have many favourable hydrogen storage
properties, however both metals also have major problems that prevent them from
being immediately implemented for vehicular applications. Aluminium metal
requires extreme hydrogen pressure (~ 2.5 GPa *°) in order to form its respective
hydride (AlH3). Magnesium can form MgH, at low hydrogen pressure but requires

high temperatures (~ 300 °C) for hydrogen equilibrium pressures greater than 1 bar °.

The intention of this thesis is to investigate how hydrogen interacts with nanoparticle
Al/AlH3 and Mg/MgH, systems in comparison to their bulk systems. Many materials
have different inherent characteristics when particle size is sufficiently reduced ’, a
property that may influence the interaction of hydrogen with these nanoparticle
systems. Aluminium, aluminium hydride, and magnesium hydride nanoparticle
samples are synthesised, characterised, and their interactions with hydrogen are
analysed using samples with different particle sizes in order to understand their

behaviour with hydrogen in contrast to the bulk.



1.2 SIGNIFICANCE

The body of literature concerning hydrogen storage materials is immense, which is
an indication of the difficulties that researchers around the world are encountering in
storing hydrogen to commercially relevant specifications for use in automotive
vehicles. It is also an indication of the necessity to solve the problem of on-board
hydrogen storage before fossil fuel production begins to dwindle due to the lack of
oil reserves. Early predictions expected oil production to peak in 2005 however more
recent studies predict a peak in production in the next 10 - 40 years °. These
predictions are based on the amount of oil that the Earth still holds and given
expected demand. Limited oil reserves with an expiry date in the foreseeable future
are the main driving force behind the large amount of research undertaken around the

globe in the hydrogen storage field.

Another important reason to find an alternative to oil-based fuels for vehicles is
related to the fact that these fuels are responsible for over half of all greenhouse gas
emissions ° and thus have a major impact on global warming. Hydrogen has been
recognised as the ideal future fuel '°, because it has an extremely high energy density
(141 kJ/g compared to 47.6 kl/g for petrol '") and is the cleanest fuel with its only
reaction by-product being pure water, HO. Hydrogen is only an energy carrier
however and it must be generated using an energy source. Most of the hydrogen
currently generated relies upon energy from fossil fuels that can also generate carbon
dioxide by-products. Therefore to make hydrogen cleanly in bulk it must be
generated by the electrolysis of water using renewable energy sources '>. The mass
production of hydrogen for use as an alternate energy carrier has been studied in
detail in the literature with socioeconomic considerations (i.e. by Ogden °), however
there are major hurdles that have to be overcome, and a gradual transition to an
alternate energy carrier is inevitable. It has been reported " that it may take several
decades to make the transition to a ‘hydrogen economy’, suggesting that hydrogen-

based research must be undertaken without delay.

The U.S. Department of Energy (DOE) has outlined a set of targets that would allow
a hydrogen based storage system to be implemented in a commercially viable sense.
These DOE FreedomCAR goals are outlined in Table 1-1 and it is stressed that these

targets are based almost purely on commercial requirements and as the demand for



alternative fuels grow (when oil production begins to peak) these targets will change
and hydrogen storage systems that do not currently meet these targets will become
commercially viable. The challenging nature of these targets has also been expressed
in the literature '* suggesting that they are far beyond the current state-of-the-art for
all known reversible metal hydrides.

Table 1-1: U.S. Department of Energy (DOE) FreedomCAR goals for 5 kg on-board hydrogen
storage systems 5,

2010 2015
Gravimetric System 7.2 Ml/kg 10.8 MJ/kg
Gravimetric Capacity ~6wt.% H, ~9wt.% H,
Specific Energy 0.060 kg - Hy/kgsystem 0.090 kg - Hy/kggysiem
Total Weight 83 kg 55.6 kg
Volumetric System 5.4 MJ/L 9.7 MJ/L
Volumetric Capacity 0.045 kg - Hy/L 0.081 kg - Hy/L
System Cost ~$133USD/kg - H, ~$67USD/kg - H,
Total Cost $665USD $335USD
Refuelling Rate 1.5 kg - Hy/min 2.0 kg - Hy/min
Total Refuelling Time 3.3 min 2.5 min




1.3 HYDROGEN STORAGE

The storage of hydrogen is one of the most important issues that needs to be solved
before the mass implementation of hydrogen as an energy carrier begins
commercially . There are a number of factors that must be considered in the
construction/synthesis of a hydrogen storage system including weight density,
volume density, cost, flow rates, speed of response, and life cycles 7 There are also
other considerations that may be applicable for some storage systems such as:
absorption and desorption temperatures, plateau pressures, hysteresis, ease of
activation, reversibility and the ability to withstand poisoning or deactivation with

impure gas streams.

1.3.1 Hydrogen Storage Methods

There are four reversible hydrogen storage methods that are of primary interest '®:
1. Compressed hydrogen gas
2. Liquid hydrogen
3. The physisorption of hydrogen
4. The chemisorption of hydrogen

A future storage system for hydrogen must meet the requirements of being compact,
lightweight, low cost, rugged, easily and rapidly refillable, safe, and with a high
hydrogen storage capacity °. These requirements have been outlined by the DOE
with specific targets for 2010 and 2015. None of the aforementioned storage methods
currently meet all of these criteria but research is underway around the world to

achieve these targets.

1.3.1.1 Compressed Hydrogen Gas

Compressed hydrogen gas can be stored in composite tanks at pressures up to 700
bar allowing 4 — 6 kg of hydrogen to provide a 400 — 500 km range for vehicles. 5 kg
of hydrogen occupies 61 m’ (at room temperature and atmospheric pressure) which
can be improved to 0.13 m’ (internal tank volume) under 700 bar. However high

pressures raise certain safety concerns and current composite tanks have high failure



risks at sub-zero operational temperatures ''. The major concern with using
compressed hydrogen gas is the low volumetric density (less than 40 kgm™ in new
tanks capable of withstanding 800 bar '°), significantly less than most metal hydrides
(80 — 160 kgm™). However, compressed hydrogen tanks are relatively simple to
implement as they are based on existing technology, and they have already been used

in a range of hydrogen powered vehicles such as the 2006 Ford Explorer '*.

1.3.1.2 Liquid Hydrogen

Liquid hydrogen must be cooled to 21 K, requiring a considerable initial energy
input, which is made worse by gradual heat transfer during storage resulting in
further energy loss '”. However liquefied hydrogen storage tanks are attractive due to
their relatively high volumetric storage density of 70.8 kg/m’. Despite the
drawbacks, car companies have built production cars (such as BMW’s “Hydrogen 7”

1%) that use liquefied hydrogen fuel tanks.

1.3.1.3 The Physisorption of Hydrogen

The physisorption process is essentially a van der Waals interaction between
hydrogen molecules and a materials surface as illustrated in Figure 1-2.
Physisorption is only significant at low temperatures (< 273 K) ' due to the weak
bonding forces involved, thus limiting its usefulness in vehicular applications. The
majority of research on hydrogen physisorption is directed towards low-mass, high
surface area materials such as carbon acrogels *°, activated carbons *', and carbon
nanotubes *'. Further research is directed towards high surface area materials that
have additional bonding forces (to trap the hydrogen at higher temperatures) in

structures such as metal organic frameworks (MOF’s) 2

. Although hydrogen
physisorption materials have so far met limited success at room temperature they are

still promising given their low-cost and low operating pressures '°.

1.3.1.4 The Chemisorption of Hydrogen

The work presented in this thesis is based on the principle of chemisorption as this is
the process by which both Al and Mg absorb hydrogen. The chemisorption process
firstly involves the collision of a H, molecule with the metal surface which is
followed by trapping and sticking **. The dissociation of the hydrogen molecule

requires an energy of 4.476 eV **. When the hydrogen molecule is close to the metal



surface it must overcome an activation barrier before the hydrogen molecule will
dissociate, as illustrated in Figure 1-2. Once dissociated the hydrogen atoms
contribute their electron to the band structure of the metal and generally

exothermically absorb '®. As such, the energy of chemisorption can be defined as **:

E
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=2E)_; —Ey, (1.1

where E);. is the metal hydride binding energy and E;, is the H-H bond energy.
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Figure 1-2: Illustration of the interaction of molecular hydrogen with a metal surface. The
physisorption potential energy well is given by the dot-dashed line. Dissociative chemisorption of
hydrogen is given by the dashed line. The dissociation energy Ej,, chemisorption activation
energy E,, chemisorption energy well E., and the physisorption energy well Ep are shown.
Adapted from .

Most metal hydrides are formed from the absorption of hydrogen which then
occupies interstitial atomic sites within the metal crystal lattice. However both Mg
and Al differ from the norm similarly, whereby hydrogen solubility is reported to be
very low, and high hydrogen concentrations are associated with stoichiometric
compositions (MgH, and AIH; respectively) that are more readily produced

chemically than by combining their constituents under pressure °.

There are such a variety of parameters that are required for a hydrogen storage
system to be viable it can be difficult to display how each system compares to one

another. A common comparison diagram is given in Figure 1-3 that provides an



overview of the hydrogen weight percent and volumetric hydrogen density for a

variety of different metal hydride compounds. Similarly, Figure 1-4 displays reported

desorption temperatures as a function of the hydrogen weight percent.
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Figures 1-3 & 1-4 illustrate the fact that many metal hydrides meet the DOE
volumetric and gravimetric targets, but most metal hydrides have desorption
temperatures that are much too high (such as MgH;) due to their relatively large
enthalpies of desorption. It should be noted that although AIH; meets all of the above
criteria it is faced with reversibility problems under standard conditions and does not

meet all of the other DOE targets.

1.3.2 Thermodynamics

Thermodynamic parameters control the properties exhibited by different hydrogen
storage materials. The thermodynamics of a particular material can be used to
describe and calculate its interactions with hydrogen at different temperatures and
pressures. It should be made apparent that the thermodynamics of a material have no
impact on the kinetics of its reaction with hydrogen. These kinetics can be critical in
understanding the temperatures and pressures required for a reaction to occur on a
finite timescale. There are three primary quantities that are essential in defining the

thermodynamics of hydrogen storage compounds:

1. Enthalpy change (AH): The enthalpy (H) is related to the internal energy of

the system (U) at a particular pressure (p) and volume (V) via: H = U + pV.
Therefore the change in enthalpy (AH) is related to the change in energy of
the system which can be explained as a change in heat *’. AH can be
experimentally determined using a bomb calorimeter by measuring the
internal energy change of the system that has a constant volume **. Enthalpy
values are standardised by assigning an enthalpy of 0 kJ mol™” to the most

stable phase of pure elements at 298.15 K and 1 bar *°.

2. Entropy change (AS): Entropy () is a measure of the molecular disorder of a

system 2. The entropy can be determined by calorimetry by measuring a
material’s heat capacity down to as low a temperature as possible 2*. Entropy
values are standardised on an absolute entropy scale by assigning an entropy
of 0 J mol” K™ at 0 K and 1 bar * where § = 130.7 J mol K" at 298.15 K
for H; gas.

3. Change in Gibbs free energy (AG): The change in Gibbs free energy dictates

whether a chemical reaction will progress because “at a constant temperature

10



and pressure, chemical reactions are spontaneous in the direction of

» 28 Therefore reactions that have negative AG will

decreasing Gibbs energy
progress, given adequate kinetics, whilst reactions with more negative AG

will be more reactive at the given temperature.

The values of AH and AS are relatively constant as a function of temperature for
most hydrogen storage materials as shown in Figures 1-5 and 1-6 which include both
experimental (—) and extrapolated (----) data from the HSC Chemistry software
package ». Strong deviations do exist however, which means the assumption that
these values are constant over all temperatures cannot be made. It should also be
noted that Gibbs free energies for all reactions provided in this thesis are also

sourced from the HSC Chemistry database *° unless stated otherwise.
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Figure 1-5: The change in reaction enthalpy for a range of hydrogen storage compounds
calculated from known data . AH is calculated per mole of H, from the enthalpy difference
between the reactants and products in the hydride formation reaction. Dashed lines represent
extrapolated data. Data was calculated assuming single-step decompositions.
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extrapolated data. Data was calculated assuming single-step decompositions.

The change in Gibbs free energy can be expressed by a function of the change in

enthalpy and the change in entropy as follows *":
AG =AH —-TAS (1.2)

Figure 1-7 depicts AG as a function of temperature for each of the hydrogen storage
materials given in Figures 1-5 and 1-6 as calculated from Equation 1.2. The change
in Gibbs free energy is the most informative thermodynamic parameter in regards to
hydrogen storage materials because when AG = 0 at a given temperature a material
will have a hydrogen equilibrium pressure of 1 bar. Thus the material will absorb
hydrogen at higher hydrogen pressures and desorb hydrogen at lower hydrogen

pressures, given kinetic limitations are overcome at the given temperature.

12



AG (KJ/mol H,)

e — LiAlH,
I e — NaAlH,
et e — LiBH,
--------- NaBH,
] —— KBH,
] LiH
-150 — MgH,

-200 0 200 400 800 800 1000
Temperature (°C)

Figure 1-7: The change in the Gibbs free energy for a range of hydrogen storage compounds
calculated from known data *. AG is calculated per mole of H, from Equation 1.2. Dashed lines
represent extrapolated data. The zero line indicates a hydrogen equilibrium pressure of 1 bar.
Data was calculated assuming single-step decompositions.

The equilibrium pressure of hydrogen gas (p.,) can be determined from the

relationship between fugacity and temperature as expressed by the van't Hoff

equation '*':
n| Jou | _AH _AS (1.3)
f,) RT R

where f., 1s the equilibrium fugacity of hydrogen gas (bar), fj is a reference fugacity
constant of 1 bar, AH is the change in enthalpy between the hydride phase and non-
hydride and hydrogen phases (J/mol H,), AS is the change in entropy between the
hydride phase and non-hydride and hydrogen phases (J/mol H,/K), R = 8.314472
J/mol/K is the gas constant, and 7 is the temperature (K). 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 1.3, which is not strictly correct and only valid at very

low pressure where the ideal gas law can be assumed valid **.
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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, however the two
terms can be related when the compressibility of the gas (hydrogen) is taken into

account by **:

VA A
{252

where V,, is the molar volume of H, that is calculated from an equation of state

(EOS) for hydrogen such as those given in Section 2.6.1.

Both the change in enthalpy (AH) and change in entropy (AS) in a reaction between
gaseous hydrogen and a metal hydride are crucial in controlling the hydrogen
equilibrium pressure at a given temperature as seen from Equations 1.3 & 1.4. It is
often assumed that the typical AS is -130 J/mol Hy/K in the literature '® however the
change in entropy can vary significantly from this average value in a typical range
from -100 to -130 J/mol Hy/K **, which can also be seen in Figure 1-6. Even though
it is often overlooked, the variability of AS between different hydrogen storage
materials can have a great impact on their hydrogen equilibrium pressures. Order of
magnitude variations in the hydrogen equilibrium pressure occur with = 10 kJ/mol
uncertainties in AG *°, which is strongly dependent on AS. Alapati ** states that in
order for a hydrogen storage compound (within the AS range above) to have a
decomposition temperature within the 300 - 600 K range it must also have AH
ranging from -30 to -78 kJ/mol H,. Reactions with significantly more negative AH
will have unacceptably low hydrogen pressures (at modest temperatures) and
reactions with significantly less negative AH will not be easily reversible. Figure 1-5
displays AH values for a range of hydrogen storage materials, and it should be noted
that the above guideline holds true where: LiH which has a highly negative AH ~ -
180 kJ/mol H, requires extremely high temperature to reach an adequate hydrogen
equilibrium pressure, and AlH; which has a less negative AH = -11.4 kJ/mol H; is

not easily reversible.

Equations 1.3 & 1.4 can be utilised to calculate hydrogen equilibrium pressures at
given temperatures from the thermodynamic parameters AH and AS as shown in

Figure 1-8. The hydrogen equilibrium pressure was calculated from Equation 1.4 by
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solving the equation using numerical methods in the Maple software package
(Maplesoft, Ontario, Canada). The molar volume of H, must also be solved
numerically when using the Hemmes equation of state (as described in Section
2.6.1). The numerical solving program code is provided in Appendix B, which
determines pressure from fugacity for 1 bar to 1 Mbar from 100 K to 1000 K and for
1 bar to 5 kbar at 77 K. It can be seen that almost all of the hydrogen storage
materials have a hydrogen equilibrium pressure of 1 bar at modest to high
temperatures, except AlH;. Thermodynamically AlH3; has extreme equilibrium
pressures that are still unacceptable, albeit lower, at -200 °C. In order to make AlH;
reversible at modest pressure its thermodynamic properties must be altered.
Thermodynamic properties must also be altered in order to reduce the temperatures
at which many of the other hydrogen storage materials have acceptable equilibrium
pressures. The work herein is directed towards the goal of thermodynamic alteration

by particle size reduction.
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Figure 1-8: Calculated equilibrium pressures calculated using Equation 1.3 & 1.4 from AH and
AS values given in Figures 1-5 & 1-6. Dashed lines represent extrapolated data. A 1 bar dashed
baseline is also shown. Data was calculated assuming single-step decompositions.
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Thermodynamic properties (AH and AS) can be experimentally determined from
hydrogen sorption measurements. If the hydrogen equilibrium pressure is measured
for a given material at various temperatures then AH and AS can be determined using
Equations 1.3 and 1.4. This calculation is undertaken by means of a van't Hoff plot as
shown in Figure 1-9. Four different hydrogen sorption isotherms are given in the
pressure-composition (P-C) plot (left in Figure 1-9) that represent hydrogen sorption
equilibrium pressures as a function of the hydrogen to metal ratio (H/M) under
different temperatures (7). The H/M increases as the a-phase (hydrogen poor)
transitions into the f-phase (hydrogen rich). For temperatures below the critical
temperature (7,.) an equilibrium plateau is observed that can be matched to a data
point on the van't Hoff plot (right in Figure 1-9), allowing the changes in enthalpy
and entropy to be determined by Equations 1.3 and 1.4.

IN(Phz) In(FH2)

AH/RT - AS/R

X(H/M) | 1T

Figure 1-9: The relationship between pressure-composition (P-C) isotherms (left) and the van't
Hoff plot (right) in which thermodynamic data is determined. Fugacity values (F,,) correspond
to equilibrium plateau pressures measured at constant temperature 7. 7, is the critical
temperature above which no equilibrium plateaus are observed. Adapted from *.
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1.4 NANOPARTICLES

Nanoparticles have been found to have quite different mechanical, chemical,
electrical, thermodynamic, and other properties than their parent (precursor)
materials ’. One example is given by the chemical reactivity of magnesium which is
proportional to the reciprocal of its particle size, meaning that nanoparticular
magnesium can undergo reactions that are considered unreactive with bulk

magnesium °'.

The changes observed in nanoparticle systems are related to the proportion of atoms
that are in contact with a free surface **. This is expressed by the specific surface area
(SSA) (see Figure 1-10), which is equal to 4zr°/(4/37r°p)=3/rp for isolated spherical
particles (or approximately half this value if the particles are in contact with one
another) where r is the particle radius and p is its density **. 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), which gives rise to differences in bonding and electronic structure of

38
these surface atoms ~°.
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Figure 1-10: The theoretically calculated surface area of different sized spherical aluminium
nanoparticles, assuming that they are smooth and not in contact with one another.
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1.4.1 Bulk Nanocrystalline Materials

Nanoparticle powders differ from nanocrystalline materials. A nanocrystalline
material is one that consists of a sum of grains each of which is nanoscale in size.
This nanocrystalline material can however be a much larger bulk structure that is not
on the nanoscale '. Snow & Brumlik ' state that "many materials with some
nanoscale feature (e.g., crystals or grains) are often confusingly called
nanoparticles". The crystallites inside the nanocrystalline material integrally form a

part of the bulk and they are not separable like nanoparticles .

1.4.1.1 Traditional Ball Milling

Ball milling is a technique used to produce materials with target particle and/or grain
sizes, alloys, or compositions. The procedure is undertaken by confining the sample
to be milled (powder) with a grinding medium (hardened steel balls) in a chamber
that is agitated to initiate collisions between the grinding medium, the powder and
the chamber walls *°. Particle sizes are only usually reduced to the micrometer level
but reaction kinetics are enhanced because crystallite sizes within the particles are

reduced to the nanometre level .

The sample chamber is often loaded with high purity elemental powder inside a
glove box with an inert argon atmosphere *'. Therefore the sample is of high purity
with minimal oxidation and contamination before ball milling is undertaken. The
sample can also be ball milled in a reactive atmosphere (i.e. N, Hy) or with other
chemical compounds. Additives (i.e. methanol) are often added to prevent sticking of
the powder to the milling tools **. A minimum crystallite size is reached after a given
period of time depending on the sample and ball milling conditions (i.e. 20 nm after

10 h for high energy * or 100/200 h for low energy ball milled aluminium *'**%).

1.4.2 Thermodynamic Changes with Particle Size

The formation reaction for a simple metal hydride system (where M is a metal and

MH is its respective hydride) can be expressed as follows:

M+1H —> MH (1.5)
2 2
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The thermodynamics of the reaction between a metal and hydrogen are characterised
by the energy difference between the reactants and product phases in Equation 1.5.
Thermodynamic changes can occur from particle size reduction due to changes in the
internal energy of both M and MH materials in going from bulk materials to
nanoparticles **. The M and MH phases are destabilised to differing degrees upon
particle size reduction (i.e. Mg compared with MgH, *) causing changes in the
thermodynamic properties AH, AS, and AG, which affect hydrogen sorption
conditions. Entropy is especially important in reactions between nanoscale solids that
are “characterised by a higher degree of disorder due to the significantly larger

contribution of phase boundaries to the overall volume™ *°.

Thermodynamic changes in nanosized hydrogen storage materials have primarily
been examined by use of theoretical investigations due to the difficulty in
synthesising materials experimentally. Kim er al. ** provides a theoretical
examination of thermodynamic changes in a number of simple metal hydride systems
as a function of particle size including AIH; and MgH,. The effect of particle size
reduction is found to be beneficial for both hydrides with a reduction in size resulting
in a stabilisation of AIH; and destabilisation of MgH,. However the magnitudes of
the thermodynamic changes are low, resulting in desorption temperature alterations

of +13 K and -33 K predicted for 2 nm AlIH; and MgH, particles respectively.

Changes in the desorption temperature of hydrogen storage materials have been
reported in the literature that do not in fact relate to the thermodynamics. Baldé et al.
7 reported a reduction in the desorption temperature of NaAlH4 with a reduction in
particle size. However the lowered desorption temperature is a result of changes in
the activation energy of the decomposition reaction and not related to a
thermodynamic destabilisation due to particle size. A lower activation energy results

in faster kinetics that allow hydrogen to evolve quicker at lower temperatures.

Nanoparticles that are 1 — 3 nm in size are expected to have strongly size-dependent
properties, possibly exhibiting changes in geometric and electronic structure, binding
energy, and thermodynamic properties such as melting points **. Larger particles >
10 nm are thought to approach the bulk properties of a material **. As particles
approach small cluster sizes of only a few atoms, significant changes in the structural

stability of the material can occur. There have been a large number of experimental

19



and theoretical studies performed on small aluminium clusters that are stabilised with
hydrogen *~®, Certain Al-H cluster configurations present high stabilities exhibited
by their large HOMO-LUMO (highest occupied and lowest unoccupied molecular
orbital respectively) gaps. For example, Al;3H, or Al,H,, (4 < n < 8) were found to

have high structural stabilities along with AL,Hs, which is a di-borane analogue *°.

It is apparent that nanosized aluminium and magnesium particles exhibit different
interactions with hydrogen than in bulk systems. To date there have been no
comprehensive hydrogen sorption studies performed on either aluminium or

magnesium nanoparticles < 10 nm.

1.4.3 Synthesis of Nanoparticles

Metal nanoparticles can be formed by a variety of techniques such as "**%*: chemical

and physical vapour deposition, physical vapour synthesis, reactive sputtering,
digestive ripening, electrodeposition, laser pyrolysis, laser ablation, laser/microwave
plasma-induced breakdown and pyrolysis of organometallic compounds, hydrogen
decrepitation, aerosol through plasma (ATP) method, spray conversion, mechanical
alloying, inverse micelle techniques, sol gel techniques, and evaporation-
condensation methods. The mechanochemical synthesis method is utilised in the

current study.

1.4.3.1 Mechanochemical Synthesis

Mechanochemical techniques have been employed to synthesise a range of
nanoparticles in the past including metals and metal hydrides. Many metal
nanoparticles have been synthesised mechanochemically including Ag, Cd, Co, Cr,
Cu, Er, Fe, Gd, Mn, Mo, Nb, Ni, Pb, Si, Sm, Ta, Ti, V, W, Zn, Zr *** and even
alloys of these metals 6566 \Metal hydrides such as AlH; 67, LiAlH4 68, Ca(AlH4); 69,
Mg(AlH,), "7, and LiMg(AlIH,); ° have also been synthesised mechanochemically,

although nanoparticle hydrides have not been explored in detail.

A standard ball milling process results in the formation of nanosized grains within
microsized particles "*, however a mechanochemical method involves the initiation
of a solid-state displacement reaction during a ball milling process "*. The chemical

reaction involves the reduction of a compound (often an oxide, chloride, or sulphide
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6%) with an appropriate reducing agent. Tsuzuki & McCormick ** state that a wide
range of nanoparticles can be synthesised by appropriate selection of chemical
reaction paths, stoichiometry of starting materials, milling conditions, and washing
solvents. For example the reduction of iron chloride by sodium metal proceeds as

follows %
FeCl, +3Na—— Fe +3NaCl A, G,o =—820 kJ/mol (1.6)

The large negative Gibbs free energy change (A,G.gsk) 1s indicative of this reaction
being feasible at room temperature . The time required for the reaction to reach
completion is therefore only limited by kinetic considerations involving the contact
between the reactant phases . Mechanically milling the reactant and product phases
leads to microstructural refinement that allows the reaction to proceed without the

need for the reactant phases to slowly diffuse through the product phases .

Once the mechanochemical reaction is complete small particles of the metal and by-
product phase remain. The ball milled powder can then be washed with a solvent to
remove the by-product phase in order to obtain pure nanoparticles that can be < 10
nm in size . The washing procedure may also remove residual reactant phases from
the product material *.

The role of the mechanical milling process in the mechanochemical synthesis of

nanoparticles is
1. To blend the reactants in order to form nanoscale mixtures.

2. To cause a chemical reaction between the reactants enabling the product

phase to form.

3. Increasing the chemical reactivity and/or reaction kinetics which normally
would occur on heating but can instead occur at lower temperature than those

which lead to grain growth or particle coarsening.

Particle size control (e.g. 10 nm to 10 um) can be gained by adjusting such factors
as: the volume fraction of the by-product phase formed during milling, milling time,
milling collision energy (ball to powder mass ratio and ball size) *°, milling

temperature, and the use of process control agents *.
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The use of a buffer material can be used to increase the volume fraction of the by-
product phase during milling which acts to separate the reactants resulting in smaller
particle sizes '°. The buffer also reduces the reaction rate and reduces the energy
transferred to the reactants causing a reduced temperature during milling '’. The
buffer material present after milling also acts as a separating agent so that particle
growth is restricted. i.e. during high temperature annealing ’’. The particle and grain
size of the precursor reagents used in mechanochemical synthesis can also have a
significant effect on the resulting product phase particle size "°. Therefore ultrafine
(~5 nm) particles are preferentially synthesised by using large reaction buffers along

with pre-milled reagents.
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CHAPTER 2

EXPERIMENTAL

“The most exciting phrase to hear in science, the one that heralds new discoveries, is
not 'Eureka!' but 'That's funny..."” - Isaac Asimov
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2.1 SAMPLE PREPARATION

All sample handling was undertaken in an argon filled Unilab glovebox (mBraun,
Germany) at Curtin University in order to minimise oxygen (O, < 5 ppm) and
moisture (H,O < 1 ppm) contamination of samples. The glovebox has live oxygen
and moisture monitoring, argon purifiers that constantly remove oxygen and
moisture, and two antechambers that can be evacuated for removal and insertion of

samples and/or apparatus.

2.1.1 Ball Milling

Ball milling was performed with a custom made ball milling canister (650 cm’
internal volume) (see Figure 2-1) attached to a Glen Mills Turbula T2C shaker
mixer. The ball milling canister was made from stainless steel (316) and was sealed
with an o-ring on both ends. The balls were made from the same material as the
canister to minimise sample contamination due to the degradation of both the
canister and balls. The milling equipment was made from 316 stainless steel because

this grade of steel has a good corrosion resistance and also resistance to pitting.
The milling canister was cleaned between runs by the following procedure:

1. washing with water and then ethanol in a fume hood

2. milling with ethanol and NaCl for at least 30 minutes

3. washing with water and then ethanol

4. milling with ethanol for at least 30 minutes (repeated if not clean)

5. washing with water and then ethanol

6. drying with compressed air
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Figure 2-1: Custom-made ball milling canister used at Curtin University on a Glen Mills
Turbula T2C Shaker-Mixer. Top & bottom plates are aluminium, the o-rings are rubber, and
all other components (including milling media) are 316 grade stainless steel. All measurements
are given in mm. The internal chamber volume is 650 cm”.

2.1.2 Cryogenic Milling

Cryogenic milling was performed using a Spex 6850 freezer mill. Two different
canister types were utilised: A supplied 190 cm® canister and a custom made 14.3

cm’ canister. The 14.3 cm’ milling canister was custom made (obtained from
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E.MacA. Gray & M.P. Pitt at Griffith University) from 440c stainless steel in order
to minimise sample contamination and provide a vacuum tight seal achieved using
Teflon taped screw fittings that are made from steel and silver. The milling canister
is held within two electromagnets in a chamber that is filled with liquid nitrogen. The
large milling rod (145.5 g) and the small milling rod (32 g) are magnetically
displaced 20 times per second within the canister between the end caps to provide a

milling action at 77 K.

2.1.3 Centrifugal Separation

A Wifug X-1 centrifuge (3000 rpm providing an average relative centrifugal force of
1200 g's) and a Kokusan H-103N refrigerated centrifuge (3500 rpm providing an
average relative centrifugal force of 2050 g's) were used for centrifugal separation of
solid-liquid samples. Samples were sealed (using o-ring lids) within 50 ml
polypropylene copolymer (PP) or fluorinated ethylene propylene (FEP) centrifuge
tubes depending on solvent reactivity. Centrifugation was undertaken until liquid-
solid particle separation was complete. The liquid phase was then decanted by using
a syringe or pipette within a glovebox. Complete solvent removal (after successive
washing steps) was undertaken by exposing the sample to vacuum, or an evaporation

process was performed within an argon atmosphere.

2.1.4 Synthesis Overview

Mechanochemical synthesis was undertaken to form aluminium, aluminium hydride
(alane), and magnesium hydride nanoparticles. Mechanochemical synthesis was the
chosen nanoparticle synthesis method because of its simplicity and versatility,
enabling particle size control via a ball milling process, allowing air-sensitive
materials to be synthesised. The mechanochemical reaction can be adapted to many
synthesis reactions and only the product metal (i.e. Al, Mg) must remain in the
chemical equation. For example the reductant in the mechanochemical reaction can
be any alkali metal such as lithium (Li) or potassium (K) and the reacting metal
compound can be any halide such as a chloride or iodide (i.e. AICl; or Alls). This can
be advantageous as the solubility of certain salts (such as LiCl) can be more soluble

in a variety of non-aqueous liquids.
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2.1.5 Washing Overview

Mechanochemically synthesised metal (or metal hydride) nanoparticles are formed
with an unwanted by-product phase (usually a salt). There are some kinetic benefits
for hydrogen storage within ball milled metal-salt systems mentioned in the literature
® However the kinetics of these systems are most likely improved due to the
cleavage of heavy oxide layers coating the metal powders and from a reduction in
particle size enhanced by a salt buffer phase. The salt phases can be involved in the
reaction between a metal and hydrogen, but only if there is some chemical

interaction between the salt and metal during milling.

A solvent must be selected to dissolve the salt by-product phase, which will be
unreactive towards the nanoparticle product phase. The extraction of the solvent with
the dissolved salt by-product is achieved through centrifugation and decantation.
This step requires the use of a low viscosity solvent in order to centrifugally separate
the nanoparticles from the salt laden solvent. The time required to separate particles
from solution is a function of the viscosity of the solvent "’ and the size of the
particles so the viscosity should be kept as low as possible, especially when

separating nanosized particles from solution.

Washing is performed on the nanoparticles embedded within salt as a three stage

process in order to entirely remove the salt by-product:

1. The washing procedure is undertaken within an argon glovebox until
centrifuge tubes are sealed and removed for stirring and/or centrifuging. 30
ml of solvent is added to a centrifuge tube containing a magnetic stir bar, then
any other salts required to increase the solubility are added (i.e. AICl; in
nitromethane). The sample (i.e. Al in LiCl) is then added to the solvent
slowly (over 2-3 minutes) in order to prevent excess heating of the solution.
This process is undertaken slowly as the dissolution of salt can be quite
exothermic, in fact if the solvent is instead added to a portion of dry sample a
large volume of smoke and fumes can be produced due to extreme sample
heating causing solvent-particle reactions. The centrifuge tube is then placed
on a magnetic stirrer for at least 3 hours before being placed into the

centrifuge until the nanopowder is separated from the salt-laden solvent.
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2. The clear solvent is then decanted by pipette or syringe. 30 ml of solvent is
again added to the centrifuge tube as well as any other salts required for
solubility (i.e. AlCl3). The centrifuge tube is then placed on a magnetic stirrer
for at least 3 hours before being placed in the centrifuge once again until the
powder is separated from the salt-laden solvent. The washing process is
performed twice in order to remove as much salt buffer as possible because
the solvent becomes ineffective during the first wash once it is in a saturated

state.

3. The clear solvent is then decanted by pipette or syringe. A final 30 ml of
solvent is added to the centrifuge tube to perform a rinse of the sample, so no
other salts (i.e. those used for solubility) are present. The centrifuge tube is
then placed on a magnetic stirrer for at least 3 hours before being placed in
the centrifuge once again until the powder is separated from the salt-laden
solvent. The clear solvent is then decanted by pipette or syringe and the damp
powder is placed under vacuum (or let sit in argon) for at least 3 hours to
remove any traces of solvent from the powder. Only pure nanoparticles

remain.

2.1.5.1 Solvents

Solvent choice is made difficult (especially when dealing with hydride nanoparticles)
due to solvent-nanoparticle reactions and solubilities. It is advantageous to tune the
mechanochemical reaction in order to form an easily dissolvable by-product phase

that is soluble in a large range of solvents.

Lithium chloride (LiCl) was chosen as the preferred salt by-product because it is a
low cost, abundant salt that is highly soluble in a wide range of solvents. However
most of these LiCl solvents are highly reactive with the nanoparticle product phases
or unsuitable for use in a centrifugal separation process. The solubility parameters,
physical properties, and reactivities of a variety of solvents capable of dissolving

LiCl are shown in Table 2-1.

Many of the solvents in Table 2-1 were tested for reactivity and/or solubility in the
present work (see Table 2-2). Adverse reactions varied from minor reactions causing

slight bubbling from the solvent (i.e. MgH, and ethanol) to violent reactions causing
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large quantities of smoke and heat in an argon environment (i.e. MgH, and

nitromethane) and even fire when reacted in an air environment (i.e. AlH; and

water).

Table 2-1: Solubility information for the LiCl phase formed during mechanochemical synthesis.
A solvent rating is given in the final column - A: Good for AlH3, B: Good for MgH,, C: Further
testing required, D: Possible for Al or Mg, E: Bad.

LiCl Solubility M.P. (°C) Viscosity
Solvent wt. % temp. Ref. B P ) (m Pas)  Reactivity/Notes
(°0) " (25 °0)*
8T
Acetone } Z(7) g 0 81 -94.7 0306 Reaction with E
C;HO 0.83 55 8 56.05 ' MgH, * and AlH,
Acetonitrile 82 -45 .
CH,CN 0.14 25 32 0.345 Low solubility E
Ammonia 0535 339 o <7773 ] E)jf%;f;;:&ie .
NH; 1.39 0 -33.33 difficulties
1-Butanol 81 -88.6
C.H 00 11.49 25 17.73 2.544 Alcohols can react E
Soluble with
. ultrasonic
é,ZI;Dé?hloroethane soluble -10 Is::;e ;33355-8 4 0.779 treatment ** or C
2 ' with AICI; in
solution %
Dichloromethane 86 -96.7 Similar to
CH,Cl, soluble - 39.8 0413 fichloroethane C
Dangerous.
Soluble with AlCI;
87 - T
. in solution °°.
Diethyl Ether 0.0006 25 -116.3 .
C,H:0C,H; soluble 25 see 346 0.224 Dissolves AlHj; to C/D
note form alane-ether
complex. MgH, is
insoluble %
1,2-Dimethoxyethane  2.15 25 87 -69.2 Similar to diethyl C
C,H,,0, 0.5 75 84.5 ) ether
lglglelzhgl Formamide éé or 25 82 _165(;'48 0.794 Ketones can react D
37
1,3-Dioxolane 87 -97.22 Similar to
C;H(0, 2.35 25 78 ) tetrahydrofuran ¢
Ethanol };g; (2)0 81 -114.14 1.074 Reaction with E
C,HO 2022 40 78.29 ' MgH, * and AlH,
](E:tkgl(e (r)lIe{?lycol soluble - 86 _1192793 16.1 Too viscous E
2114 2 .
lécl){rnli?cr)mde 282 25 2 ;.2409 3.343 iclala_llctlon with E
3 3
glﬁcg"l 10.0 15 81 éﬁ;} 934 Too viscous E
3118V3
Eyﬁlrazme 160 20 i } 143 55 0.876 Very dangerous E
2114 .
4-Hydroxy-4-Methyl- 6.14 20 . a4
2-Pentanone 2.798 Ketones can react D
CH.-O 9.93 65 167.9
61120
Tsopropylamine . 95.13 Possible reaction
; -95. . .
CH,N 8.67 25 3176 0.325 with AIH; as with D

other amines ¥
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LiCl Solubility M.P. (°C) Viscosity
Solvent wt. % temp. Ref. oo (mPas)  Reactivity/Notes
(oC) B.P. ( C) (25 oC)SO
Methanol 31.1 0 81 -97.53
CH,O 2975 25 64.6 0.544 Alcohols can react E
N-Methyl- 33
Formamide 23.0 25 82 -~ 1.678 Ketones can react D
C.H-NO 199.51
2Hs
N-Methyl-2- 4
Pyrrolidone soluble - % 202 Ketones can react D
CsHoNO
Nitrobenzene 91 5.85 Poss1b1.e hydrazme
C.H.NO soluble - 2109 1.863 formation if C
OS2 ) reduced ®
No noticeable
reaction with A1H;
soluble 22 % or Al, except in
. 0 cryomilled AlH;.
Nitromethane soluble - -29 .
93 0.61 Soluble with other A/D
CH;NO, soluble - 100-103 | !
oluble - * salts such a9 AlBrs
or TiCl, " in
solution. Reaction
with MgH,
1-Pentanol 6.71 20 81 -77.6
CsH,O 228 25 137.98 3.619 Alcohols can react E
1-Propanol 13.68 20 81 -124.39
C:H,O 13.95 25 972 1.945 Alcohols can react E
Pyridine .31 8 41.70 Reaction with
81 -41.
CsHsN }égg Sg 115.23 0.879 AlH; ¢/D
Quinoline 0.3537 25 81 -14.78 3337 Possible reaction /D
CoH;N 1.2218 67 237.16 ' as in pyridine case
AlH; soluble,
possible reactivity
>4.77 0 87 at temperature or
Tetrahydrofuran 291 25 87 -108.4 0.48 over days ¥. D
C,H;0 soluble - o 66 ' MgH, virtually
6.14 1535 % insoluble **.
Reaction with
MgH, powder
Toluene see 93 Soluble with AlCI;
C-H soluble 25 note 110.6 0.560 in solution . A/D
(i : MgH, soluble
Water ) 0 Reaction with
H,0 >3 2 100 0.890 MgH, © and AIH;  ©

Certain solvents require the addition of salts in solution before LiCl solubility is

possible (i.e. AICI; in nitromethane). These solvents can become much more viscous

as they become highly salt-laden. Increased viscosity is detrimental to centrifugal

separation of nanoparticles as much longer centrifugal separation times are required.

On a similar note, ionic liquids can also be used as solvents for salts as an alternative

to regular solvents which are often more toxic and dangerous in nature °°, however

they are viscous °’ making them unsuitable for standard centrifugal separation.
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Table 2-2: Solvent reactivity towards as-synthesised nanoparticles. All testing was undertaken
in a glovebox except testing with water. RT: milled at room temperature, cryo: milled at 77 K,
degassed: freeze-pump-thaw method to remove dissolved oxygen from solution.

Solvent Material Reaction
Acetone Al gas evolution
AlH; smoke
1,2-Dichloroethane AlH; no visible reaction
Ethanol Al gas evolution
AlH; smoke
MgH, smoke
Ethylene Glycol Al gas evolution
Formamide AlH; smoke
Glycerol Al gas evolution
Nitromethane & AICl; Al no visible reaction

AlH; (RT) no visible reaction
AlHj; (cryo)  gas evolution

MgH, gas evolution
2-Propanol AlH; smoke
2-Propanol (degassed)  AlH; smoke
Pyridine AlH; smoke
Tetrahydrofuran MgH, gas evolution
Toluene Al no visible reaction
AlH; no visible reaction
MgH, no visible reaction
Water (in air) Al gas evolution
AlH; fire
MgH, fire
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2.2 X-RAY DIFFRACTION (XRD)

Laboratory based x-ray diffraction (XRD) was performed using two different
diffractometers. Initially a Siemens D500 diffractometer at Curtin University was
utilised with a 26 range of 10 - 80° using 0.02° steps with 2 s of count time per step.
The instrument was operated with the instrument configuration given in Table 2-3
and was configured according to Figure 2-2. Samples were loaded into XRD sample
holders in an argon glovebox and sealed under either 2.5 um or 4 pm mylar film to

prevent oxygen/moisture contamination during data collection.
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Figure 2-2: D500 X-ray diffractometer (XRD) optics. Graphic derived from *,

Table 2-3: X-Ray Diffraction (XRD) instrumental parameters

Parameter D500 D8

Radiation (wavelength) Cu(1.5418 A)  Cu(1.5418 A)
Operating voltage 40 kV 40 kV
Operating current 30 mA 40 mA
Detector Scintillator Linear PSD (3° 26)
Monochromator Graphite - (Ni filter)
Lorentz-Polarisation factor 26.4 0

Goniometer radii 200.5 mm 250 mm
Source length 12 mm 12 mm
Sample length 15 mm 25 mm
Receiving slit length 12 mm 17 mm
Receiving slit width 0.5 mm -

Fixed divergence slit angle 1° 0.3°

Primary Soller slit angle - 2.5°
Secondary Soller slit angle 2° 2.5°
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XRD was also undertaken on a Bruker D8 Advance diffractometer at Curtin
University with a 20 range of 10 - 100° using 0.02° steps with 0.8 s of count time per
step. The instrument configuration is given in Table 2-3. The D8 optics were similar
to those displayed in Figure 2-2 except a primary set of Soller slits were used (pre-
sample) and no receiving slits or monochromator were used post-sample, instead a
nickel filter and a linear position sensitive detector (PSD) were implemented.
Samples were loaded into XRD sample holders in an argon glovebox and sealed
using a Bruker poly(methylmethacrylate) (PMMA) bubble holder which is sealable
with a rubber o-ring to prevent oxygen/moisture contamination during data

collection.

2.2.1 Basic Theory

X-ray diffraction operates under the principle of interactions between x-ray radiation
and regions of high electron density that occur within the crystallographic planes of a
solid material. Constructive interference occurs when the difference in path lengths
of two scattered rays is equal to a whole number of wavelengths as expressed by

Bragg’s Law %
nA=2dsinf (2.1)

where 7 is an integer, / is the x-ray wavelength, d is the inter-planar spacing, and 268
is the scattering angle. Diffraction at a fixed wavelength thus allows for the
determination of d-spacing based on the angular detection of scattered x-rays, and

phase identification is made possible by powder diffraction databases.

XRD peak broadening is a function of both instrumental and sample contributions
which can be convoluted together to provide a model for x-ray diffraction. The
measured pattern is a convolution of the geometric instrument profile, x-ray
wavelength profile, and specimen broadening function °®. The geometric aberrations
have a dominating influence on the shape of the measured pattern at low 26 angles (<
50°) whereas the wavelength distribution have a dominating influence at high 26
angles (> 100°) **. Specimen contributions to broadening can arise from small
crystallite size or any lattice imperfection in the sample such as dislocations,

vacancies, interstitials, and substitutional defects which lead to lattice strain 100,
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2.2.2 Air-Sensitive Samples

A range of different techniques were utilised in order to perform XRD on air-
sensitive samples in instruments that usually operate in air. To begin with, capillary
sealed samples were tested using a Gandolfi camera to determine if data quality was
sufficient for quantitative XRD analysis, which was not the case. Samples were also
tested using a Kapton film seal using the D500 XRD which proved to unacceptably
attenuate the sample’s diffraction pattern. Mylar film was utilised successfully using
the D500 XRD to collect diffraction patterns on air-sensitive samples with little to no
air contamination. A factory built air-tight dome sample holder was utilised using the
D8 XRD which proved very successful in maintaining an air-free environment for

samples during data collection.

2.2.2.1 Capillary XRD

Initially air-sensitive samples were sealed within 0.5 mm glass capillaries in order to
be analysed using XRD. A Gandolfi camera was available at The Australian
Resources Research Centre (ARRC) at Technology Park (Kensington, WA,
Australia) under the supervision of Michael Verrall. The Gandolfi camera utilises x-
ray sensitive film encased within a circular camera in which the sample is centred.
Two apertures are present enabling the primary x-ray beam to intercept the sample
and produce a diffraction pattern which is collected by the now-cylindrical film

centred about the sample (see Figure 2-3).

Figure 2-3: X-Ray Diffraction (XRD) pattern collected on film from alumina (Al,O3) captured
using a Gandolfi camera with a glass capillary sample holder.
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The diffraction peaks (as shown in Figure 2-3) present as dark elliptical lines on a 2-
dimensional film strip can either be assigned angular 26 diffraction angle values by
eye using a known conversion factor between millimetres and degrees or the film can
be scanned into a computer and digitally analysed. The film diffraction pattern
(Figure 2-3) was digitally scanned and an intensity profile was calculated using a line
profile through the centre of the film pattern (see Figure 2-4A). Once the XRD
pattern is displayed digitally it becomes apparent that the collected data is not of high
enough quality for in-depth analysis.
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Figure 2-4: X-Ray Diffraction (XRD) patterns of alumina (Al,O;) which have been collected
using A: Capillary XRD using a Gandolfi camera and B: a standard XRD pattern collected on
the D500. Intensity spikes in Pattern A are due to scratches on the x-ray film.

Firstly there is a high inconsistent scattering background present, which can be
removed but makes quantitative data analysis more difficult. Secondly, and more
importantly, instrumental peak broadening is a major problem, resulting in peaks that
are incredibly broad making any crystallite size and strain measurements near
impossible. The instrumental broadening is most likely due to the thickness of the
capillary sample as opposed to the more usual single crystal sample which acts like a

point-source when analysed using a Gandolfi camera. These problems meant that
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local capillary XRD was not acceptable for good quality data analysis, and due to the
hazardous nature of the samples to be analysed, non-local capillary XRD was

impractical.

2.2.2.2 Kapton Film (D500)

In an attempt to provide XRD data for air sensitive samples (using the D500 XRD
instrument) Kapton film was affixed over the XRD sample holder containing the
sample to be measured. This was undertaken in an argon glovebox to prevent sample
air exposure. The coated XRD sample holder was then removed from the glovebox
and placed within the XRD instrument for measurement. The Kapton film prevented
sample air exposure but it generated a large amorphous hump in the XRD data set
(from 10 - 35° 26) as shown in Figure 2-5. An amorphous hump can be modelled
successfully when performing Rietveld analysis on XRD data and its contribution to
the scattering can be accounted for. However the Kapton film also produced a large
degree of angle-dependent attenuation of the sample diffraction pattern over the

range of the amorphous hump.
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Figure 2-5: X-Ray Diffraction (XRD) patterns (D500) of alumina (Al,O;) which have been
collected with and without a Kapton film coating. The inset displays the peak intensity
attenuation which is present when a sample is coated with Kapton film.
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The attenuation is demonstrated by the inset in Figure 2-5 which displays a large
discrepancy in the Al,Os diffraction peak intensity at 25.5° in contrast to high-angle
peaks. Minor peaks at low angles given in the raw Al,O3 XRD pattern in Figure 2-5
are totally attenuated by the Kapton film and are not present in the coated XRD
pattern. It is obvious that the Kapton film is not ideal for coating air-sensitive
materials, however it was used for a small quantity of samples before mylar film
became available. In these cases all Rietveld analysis performed excluded XRD data
below 31°, in an attempt to eliminate any biasing of the Rietveld fit due to low angle

attenuation.

2.2.2.3 Mpylar Film (D500)

Mylar film (2.5 um or 4 pm) was affixed over the XRD sample holder containing the
sample to be measured. This was undertaken in an argon glovebox to prevent sample
air exposure. The coated XRD sample holder was then removed from the glovebox
and placed within the XRD instrument for measurement. The mylar film prevented
sample air exposure but it generated two broad peaks in the XRD data set (from 20 -

30° 26) as shown in Figure 2-6.
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Figure 2-6: X-Ray Diffraction (XRD) pattern (D500) of an aluminium XRD sample holder that
has been covered with a mylar film. Both peaks present are due to the mylar. Al,O; peaks have
been subtracted from the data set in order to better display the pure mylar pattern.
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The mylar film was superior to Kapton because it did not attenuate the diffracted x-
rays from samples, allowing quantitative phase analysis to be undertaken. The lack
of attenuation can be seen in Figure 2-7 from the good fit to a diffraction data set

even when diffraction peaks overlap the mylar amorphous humps.

It is possible to eliminate the two mylar peaks from 20 - 30° 26 in a collected XRD
pattern by physically bubbling the mylar into a dome shape over the sample. This can
result in no mylar peaks being present in a collected pattern or sometimes results in a
smaller hump present at low angles < 20° 26. However this method can be
inconsistent between samples and in the majority of XRD patterns collected with a
mylar coating the mylar was placed flat onto the sample holder resulting in two

amorphous humps in the collected pattern.
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Figure 2-7: X-Ray Diffraction (XRD) pattern (D500) of a plastic XRD sample holder containing
anatase (TiO,) that has been covered with a mylar film. There is no peak attenuation due to the
mylar film as seen in the inset.

The mylar film was affixed to the XRD sample holder using Vaseline (paraffin) in
order to provide an air-tight seal during measurement. If the Vaseline is present on
parts of the sample holder that are in contact with the x-ray beam then an amorphous
hump and two crystalline peaks will also be present in the dataset (see Figure 2-8).
Hence the Vaseline was kept clear from the measuring area of the XRD sample

holder to prevent any peaks from being introduced into the data sets.
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The mylar film was not consistently 100% air-tight resulting in some collected
patterns containing slight air contamination. Only LiCl displayed obvious air
contamination in samples analysed with XRD using an insufficiently sealed mylar
film, leading to a minor LiCl.H,O phase being present in some cases. The mylar seal
can be partially broken by either an incomplete Vaseline seal or micro-tears in the
mylar film due to its extreme thinness. The slight air contamination does not appear
to have any major impact on the samples other than the addition of another phase in
the collected pattern that can be accounted for quantitatively. Additionally, the

reaction between LiCl and H,O is only mildly exothermic as follows:
LiCl+H,0(/)——LiCleH,0 4 H,,, = —19 kJ/mol (2.2)

and thus will not cause any major sample heating effects that could affect hydrogen

content.
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Figure 2-8: X-Ray Diffraction (XRD) pattern (D500) of an aluminium XRD sample holder that
has been coated with Vaseline and covered with a mylar film. The large amorphous hump at ~
18 ° and the two crystalline peaks at 21.5 ° and 23.8 ° are due to the Vaseline (paraffin).

2.2.2.4 Air-Tight Dome Holder (D8)

XRD data collected on the D8 diffractometer utilised specialised dome-type sample
holders for air-sensitive materials. The holders (base & dome) were constructed from

poly(methylmethacrylate) (PMMA) plastic that provides an air-free environment via
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an enclosed sample cell sealed with a rubber o-ring. The PMMA does provide an air-
tight seal but significantly but uniformly attenuates the x-ray beam (by a factor of 3),
especially when it is filled with argon gas (from sample loading within a glovebox)

as shown by Figure 2-9.
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Figure 2-9: X-Ray Diffraction (XRD) patterns (D8) of annealed Y,0; " measured in a sample
holder without (A) and with (B) a protective poly(methyl methacrylate) (PMMA) plastic dome.
Insets are provided demonstrating i) the background due to the protective dome and ii) the most
intense peak. The pattern collected without the dome (A) has 2.8 times the number of counts as
the pattern collected with the argon filled dome (B).

The PMMA plastic dome introduces another issue (other than attenuation) in relation
to the scattering background. Two amorphous humps are present in the diffraction

data set due to the PMMA dome at ~ 10° & 20° 26 as shown in Figure 2-9. The
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amorphous background does not significantly contribute to the diffraction pattern of
a highly crystalline sample (i.e. Figure 2-9) but produces significant contribution to
patterns which do not exhibit high numbers of counts as shown in Figure 2-10.
However even large amorphous backgrounds can be accounted for during Rietveld
analysis, shown by the close fit given in Figure 2-10, indicating that the air-tight

sample holder provides adequate data to be collected for quantitative analysis.
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Figure 2-10: X-Ray Diffraction (XRD) pattern (D8) which demonstrates a significant scattering
background due to the protective poly(methyl methacrylate) (PMMA) plastic dome when used
on a sample which does not strongly diffract.

2.2.3 Synchrotron Powder Diffraction

Powder diffraction (PD) was undertaken at the PD beamline at the Australian
Synchrotron in Melbourne in order to provide high resolution data with better
detection limits than lab based XRD. A wavelength of ~1 A (12.3985 keV) was
selected as a compromise between resolution and 4 range whilst avoiding
wavelengths close to any sample specific x-ray absorption edges. Samples were
sealed within rotating 0.5 mm glass capillaries (Charles Supper Company, MA,
USA) that were aligned within the x-ray beam using a 5-axis goniometer. Capillaries
were loaded within a glovebox at Curtin University, temporarily sealed, removed

into air, and then sealed with a flame. The capillaries add an amorphous background
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to the collected XRD patterns that can be accounted for during data analysis by peak
fitting the amorphous hump.

The PD detector consists of 16 discrete MYTHEN (microstrip system for time
resolved experiments) detector modules that each cover 4.8° 26 with a 0.2° 26 gap
between modules, resulting in a total 26 range of ~80°. In order to provide total
angular coverage two separate data collection runs were undertaken (under the same
conditions) for each sample at a 0.5° 26 offset with one another. Both data sets were
merged to provide an ~85° 26 collection range for each sample analysed. Data
resolution (Ad) under these experimental conditions ranges from 8.555 x 107 A to

2.658 x 107 A in d-space (or Ad/d ranging from 7.485 x 10™ to 3.585 x 107).
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Figure 2-11: X-Ray Diffraction (XRD) pattern (Australian Synchrotron) for Y,0; displaying the
fit to the data in which the instrumental function was derived. Insets are provided which better
display the goodness of fit.

Data was collected from a number of standards in order to determine beamline
instrument parameters that allow for Rietveld analysis to be undertaken on sample
data allowing for quantitative phase analysis and crystallite size determination. The

operating wavelength was obtained exactly by using a NIST 660a LaBs standard as
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1.00007 A. An instrument function was generated in the Topas software (Bruker,
Germany) from a Y,O3; sample '°' with known crystallite size as shown in Figure

2-11.

2.2.4 Neutron Powder Diffraction

Neutron powder diffraction (ND) was undertaken on the Wombat beamline at the
Australian Nuclear Science and Technology Organisation (ANSTO) in Sydney.
Samples were sealed within 6 mm vanadium cans. The cans were loaded within a He
glovebox at ANSTO, sealed using an indium o-ring, and then removed into air. A
Ge(115) monochromator reflection with a 90° take-off angle was selected to produce
a wavelength of ~1.54 A and provide a compromise between resolution, d-spacing
range, and neutron flux. Data resolution (Ad) under these experimental conditions
ranges from 2.163 x 102 A t0 3.073 x 10 A in d-space (or Ad/d ranging from 5.470
x 107 to 3.775 x 10™*). A 10 minute data collection time was used for a calibration
standard, whilst 120 minute collection times were used for samples in order to
provide high signal to noise patterns so that minor peaks could be adequately

resolved.

The ND detector consisted of a continuous 2-D detector bank that spanned 120°. The
2-D data files were processed using the Large Array Manipulation Program (LAMP)
software package ', The data was first converted onto a 26 scale and was then
calibrated against a flood field image to account for a detector response function. The
2-D data file was then linearised to correct for radial line profiles, and was finally

vertically integrated to generate a 1-D data file.

Data was collected from a NIST 676 Al,O; standard reference material (SRM) in
order to determine beamline instrument parameters allowing Rietveld analysis to be
undertaken on sample data. The operating wavelength was obtained exactly by
performing a refinement of the NIST 676 standard as 1.53826 A. An instrument
function was generated in the Topas software (Bruker, Germany) using the known

crystallite size of the standard ' as shown in Figure 2-12.
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Figure 2-12: Neutron Diffraction (ND) pattern (ANSTO: Wombat) for NIST SRM 676 (AL,O5)
displaying the fit to the data in which the instrumental function was derived. A difference plot is
also displayed.

2.2.5 Computer Modelling: Rietveld Analysis

A fundamental parameters approach to XRD Rietveld analysis was undertaken using
the Topas v.4.1 (Bruker, Germany) software package. “The fundamental parameters
approach to line profile fitting uses physically based models to generate the line

» % involving the convolution of an array of geometric instrumental

profile shapes
profiles with wavelength distributions and specimen broadening to provide a realistic
diffraction model. All uncertainties are quoted to 2 standard deviations (95%

confidence interval).

Copper emission profiles were utilised in Rietveld analysis, in line with the
instrumental radiation. A 5-point Cu-K, wavelength spectrum was used for D500
XRD patterns and a 10-point Cu-K,, & -Kg wavelength pattern was used for D& XRD
patterns. Cu-Kg radiation was utilised for D8 data because minor -Kz contributions

present themselves despite the fact that a Ni filter was used when using a linear
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position sensitive detector (PSD). The instrumental parameters used for both the

D500 and D8 are provided in Table 2-3.

The crystallite sizes were determined from an LVol-IB method (volume averaged

column height calculated from the integral breadth) '

which provides a good
measure of the volume-weighted average crystallite size. The crystallite sizes from
XRD and particle sizes from TEM cannot be directly compared because the XRD
crystallite size is a volume weighted mean whereas the TEM particle size is a
number weighted mean (see Figure 2-13). The volume weighted mean is crystallite
shape dependent and if the shape is known then a conversion between volume

weighted and number weighted means can be performed.

Lmax : Most probable value
L : Median

: Number weighted mean

: Volume weighted mean

g(ch)

L (nm)

Figure 2-13: Crystallite column height distribution displaying values determined from alternate
methods as described in the text. g(ch) is a crystallite column height distribution, whereas L is
the column height size. Adapted from Coelho ',

The integral breadth (f) can be calculated from the integrated intensity of the
diffraction line profile above the background divided by the peak height, [, as

follows '%°:

p=t—t (23)

where a double-Voigt approach to line profile shape is implemented.
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2.3 SMALL ANGLE X-RAY SCATTERING (SAXS)

Small angle x-ray scattering (SAXS) patterns were collected with a Bruker
NanoSTAR SAXS instrument at Curtin University. Samples were loaded and sealed
within glass capillaries in an argon glovebox to prevent oxygen/moisture
contamination prior to data collection. Data was recorded at a sample-detector
distance of 65.0 cm using a wavelength, /1, of 1.5418 A (CuK,) and scattered photons
were counted with a 2D multiwire detector for 3 hours per sample. The raw data was
radially averaged, background subtracted and placed on an absolute scale. Resulting
intensities, after discarding low ¢ data points affected by the beam stop, spanned a g-

range of 0.0114 to 0.327 A™".

2.3.1 Basic Theory

Small angle x-ray scattering (SAXS) is a method that is used in order to provide
information about the distribution and structure of matter on the nanoscale, from a
few A to a few thousand A '®. The small angle scattering optics are displayed in
Figure 2-14. X-rays are generated, collimated by the Gobel mirrors and a pinhole and
then interact with the sample. X-rays are scattered from the sample and are projected

upon a 2-dimensional detector whilst the primary beam is halted by a beamstop.

2D-Detector

X-Ray Generator Gdbel Mirrors  Pinhole Sample Beamstop

Figure 2-14: Small angle x-ray scattering (SAXS) simplified optics schematic.

X-ray scattering from a sample is the result of an electromagnetic interaction

between the incident x-ray wave and the electrons within the sample. This is
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explained by Schmidt '’

where “the oscillating electric field of the incident plane-
wave x-ray exerts an electric force on the electrons in an atom”. This creates an
oscillating electric moment in the atom which produces an oscillating
electromagnetic field, which is known as the scattered field. The scattered intensity is
measured as a function of the scattering angle. However it is more useful to analyse

the scattered intensity as a function of the scattering vector '**:

_ 4rsin26

> (2.4)

Where @ is the scattering angle and 4 is the wavelength (CuK, = 1.5418 A).

2.3.2 Absolute Intensity Data Conversion

When performing an analysis on scattering data obtained from SAXS it is important
to be working with absolute (or scaled) intensity Is(g) that has units of cm™. When
the data has been converted to absolute intensity relevant parameters such as the
specific surface area or volume fractions can be determined '”’. Absolute intensity
data was generated by the NanoSTAR SAXS instrument at Curtin University using

the following procedure.

Five long SAXS runs and four short SAXS runs are performed (see Table 2-4) for
one sample to be analysed and converted to absolute intensity. Multiple samples can

be run simultaneously reducing the need for excessive background and standard runs.

Table 2-4: SAXS Runs Required for Absolute Intensity Calculation.

Run Intensity Description of Sample Run time
The sample to be analysed in a sample holder with the _

Short Inac glassy carbon sample also inserted. fno = 100's
An exact replica of the above sample holder minus the _

Short Thac sample with the glassy carbon sample also inserted. tng=100's

Short I The standard (i.e. S-2907 from Oak Ridge National f=100s

Optional simGC Laboratories) with the glassy carbon sample also inserted. mo

Short | The background for the standard (i.e. air) with the glassy f=100s

Optional stbGC carbon sample also inserted. 0

Long I, The sample to be analysed in a sample holder. t,=10800 s

Long I An exact replica of the above sample holder minus the 4= 10800 s
sample.

Long I The standgrd (i.e. S-2907 from Oak Ridge National £, = 10800 s
Laboratories).

Long Ly, The background for the standard (i.e. air). t, = 10800 s

Long Looise No sample and x-ray generator off t, = 10800 s
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The glassy carbon sample is used because it has a known transmission 7. =0.13

that allows for the calculation of sample transmission scale from:

r = ImGC _TGCIm (25)

U Lo —Tecd,

The transmission calculation can be performed quickly by the accompanying Bruker
NanoSTAR SAXS software. The transmission of the standard S-2907 is known to be
¢ = 0.539 or its transmission can be worked out from the optional runs with the

standard’s measured parameters using Equation 2.5.

The measured intensity must be corrected for sample transmission and background

effects in order to obtain /. a corrected intensity which is equal to:

I=1,-711,—(1-7)I

c

(2.6)

noise

The correction calculation (Equation 2.6) removes any scattering produced by the
system that is not related to the sample (i.e. from the sample holder or from any air
present in the vacuum chamber). A proportion of the background scattering pattern is
removed from the measured scattering pattern that is related to the transmission of x-
rays through the sample (i.e. equal to the amount of background scattering present in
the measured scattering pattern). The measured scattering pattern and the background
scattering pattern both contain noise from the detector which has to be totally
removed from the measured scattering pattern. The remaining portion of the detector

noise pattern is removed using the non-transmitted x-ray fraction.
Certain other parameters must also be known to determine the absolute intensity:

e The differential scattering cross section per unit volume of the standard /7,
at ¢ = 0.0227 A "' must be known for S-2907. This was measured to be 41.2
cm™ at Oak Ridge National Laboratory (ORNL).

e The number of photons detected I, for the S-2907 standard in time ¢, at g =
0.0227 A™'. This is found graphically from the measured S-2907 intensity
plot.

e The measured thickness of the standard d,, that is known to be 0.1715 cm.
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e The measured thickness of the sample d,, must also be known.

The thickness of the sample is often difficult to obtain especially when dealing with

powder samples '”. This thickness can however be determined from the following

. 109
relation " :

d :_lnrs (2.7)

Sp ﬂ

where u is the linear attenuation coefficient of the solid phase which is given by:

n

/'l = Iomll’lm = pm z Wi/’lm,- (28)

i=1
where p,, is the sample’s atomic true density (g cm™), m 18 the x-ray mass absorption
coefficient for the x-ray energy wunder which it was measured:
E =(hc)/(4e)=(6.63x107 x3x10%) /(1.5418x10™° x1.602x10™"*) =8.05x 10~ MeV
for the Nanostar SAXS, 7 is the number of elements in the powder, w; is the weight

% of each element and ,; is the x-ray mass absorption coefficient for each element.

An example of the sample thickness calculation can be performed for silica aerogel
that is made up from SiO,. Aerogel has two different elements, silicon and oxygen,
so n = 2. The relative atomic mass of silicon is 28.09 and for oxygen it is 16.00
therefore the weight percentages are respectively w; = 28.09/60.09 and w, =
32.00/60.09. The x-ray mass absorption coefficients for an energy of 8 keV are w,,,; =
64.68 cm’g”, 2 = 11.63 cm’g™.

The atomic (or true) density is given as the mass of a particle divided by its volume,
excluding open pores and closed pores ''°. For aerogel this is the density of silicon
dioxide (vitreous silica), which has a density of p,, = 2.2 g cm™ ""'"''?. Therefore for

a silica aerogel sample (with 7, = 0.841) the sample thickness dj, is given by:
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—Inz,

dSP = n
pm z Wiﬂm[
i=1
~(28.09 - 0'84312 00 (29
2.2(' 64.68+———1 1.63)
60.09 60.09
=2.16x10"cm
The absolute intensity /,55(g) is then given by the following:
1, (Q) t.d, T 1
I =1 ——L L (em 2.10
abs (q) abs st 1 ¢ d r ( ) ( )

2.3.3 The Unified Model

There are a multitude of different equations that can be used to model the scattering
from various systems analysed by small angle scattering. These equations are usually
valid in modelling only small regions of a small angle scattering plot, often not being
able to model large sections of data that are explained by different mathematical
models. Beaucage ''"'"*''* describes a unified Guinier/power-law approach to
modelling small angle scattering data which can be used with a wide range of

physical systems to provide complete fitting of the small angle scattering curve.

This unified approach can model complex systems that contain multiple levels of
structural features, where each structural level is described by both a Guinier and an
associated power-law regime. Beaucage ' notes that both low-g and high-¢ limits to
power-law scattering regimes are taken into account and that this unified approach

can distinguish Guinier regimes which lie between two power-law regimes.

The structural limits that are observed in power-law regimes are “manifested as

: : . . 113
regimes of exponential decay in scattering”

which follow Guinier’s law.
Beaucage ' states that “this behaviour has been interpreted as reflecting interfacial
or mass-fractal scattering from a large scale structure in the low-q power-law
regime composed of small-scale substructures whose mass fractal or surface fractal

scaling is observed in the high-q power-law regime”.

A visual representation of the relationship between a physical system and its small

angle scattering data is shown in Figure 2-15. It is useful to see the scattering plot
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related to a multi-level structured material in this way. It can be seen that this
material consists of aggregate structures composed of primary particles which have
rough surfaces and that these primary particles are formed from atomic lattice
bonding. Scattering is observed from the aggregate structure at A which is modelled
as a mass fractal regime, the scattering shown by the hump at B is a function of the
size of the primary particles which is modelled by a Guinier regime, the linear
scattering region at C occurs because of scattering from the surface of the primary
particles and is modelled by a surface fractal regime, and the peak at D is the result

of diffraction from the atomic lattice which is not modelled by the unified equation.
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Figure 2-15: The relationship between physical material properties (aggregate, primary
particles and atomic structure) and a synthesised small angle scattering plot. The scattering
data was collected from a silica aerogel sample (Marketech International Inc., USA).

It should be noted that the average size of the primary particles can be determined
from the Guinier regime formulae and the fractal dimensions can be determined from

the power law regimes. These power law regimes describe the mass- or surface-
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fractal scaling ~ that is inherent to fractal systems and provides information about

how disordered the aggregate or surface structure is respectively.

Beaucage ' notes that there are several advantages to using a unified approach to
fitting scattering data rather than applying multiple, individual power-law and
exponential fits. The use of the unified approach results in more accurate fits which
include a larger number of data points than individual fits. When individual fits are
used some Guinier regimes may be incapable of being fit because of an overlap of

. . . 113
neighbouring power-law regimes. Beaucage

states that “the unified approach
clarifies the limits to power-law and Guinier-exponential scattering, thereby
removing uncertainty as to the appropriate fit range for these functional forms”
which leads to the fact that the unified approach is more suitable for use as a fitting

function than other functions which only fit individual regimes.

The unified equation for two structural levels is represented by the following

equation '

I(g)= Gexpl- q’R; /3)+ Bexpl-¢°R2, /3){[erf(qug /\/E)]S /q }P
+G, exp(— quS2 /3)+ B, {[erf(qksRs /\/g)r /q}PS

2.11)

where G is the exponential prefactor and takes the form G =n’N,I, where n is the

number of electrons in a particle, N, is the number of particles in the scattering

volume and 7/, is the scattering factor for a single electron. R, is the radius of

gyration of the particle, Ry, defines the high-g structural level cut-off limit for the
low-g level, R; is the radius of gyration of the high-g structural level, B is a constant
prefactor specific to the type of power-law scattering observed as determined by the
regime in which P falls (see Table 2-5), P is the scattering exponent which defines

the scattering regime, and ‘erf” is the error function given by '':

erf(x) = e dt (2.12)

LS
In Table 2-5: p, is the electron density difference which is equivalent to n’ / sz , 18

the number of electrons in a particle, V), is the volume of a particle, /. is the intensity
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scattered from one electron, N, is the number of particles in the scattering volume, S,
is the particulate surface area, R, is the radius of gyration for the same structural
level and d,, & d; are the mass and surface fractal dimensions respectively, d,,;, is the

minimum dimension which refers to branching, and 7/ is the Gamma function given

by 115:
T(x)=[¢"edt (2.13)
0

Table 2-5: Prefactors B for Scattering Exponents P in the unified model.

Regime P B units
gﬁdl ngelght p= B = 1G/(2H) em A’

Lamellar Disc

= - 2 g2
of RadiusR '® ©=2 B=2G/R cmA
Gaussian 2 152
= B=2G/R
Polymer ' pP=2 / g cm' A
Polymeric
Mass Fractal 1<P<3 B= (de/R:w )F(dm /2) e Adm
(Linear) '
Polymeric
Mass Fractal 1<P<3 B= (dminG/RZ'" )F(dm /2) e Adm
(Branched) '
BTl 3 cpag Bar’Gr RIT(S-d )sin((3-4,)/2)/(3-4.)  omASS
Porod (Smooth 2 1% -4
= B =27aN S,
Surface) ' p=4 TN pPedple cmA

The unified equation given by Equation 2.11 is best explained in steps. The first term

Gexp(— qugz / 3) describes the large scale structure of size R, which is composed of

smaller substructure of size R, which is described by the third term G, exp(— q’R?/ 3).

The second term B exp(—qufub /3){[erf(qug / \/E)F / q}P describes the power law

scattering regime for the large scale structure which includes two structural limits.

111

The low-q limit is at R, and is described by the error function = . The high-g limit is

at Ry, and is described by the exponential prefactor .

The third and fourth terms G, exp (— q’R%/ 3)+ B, {erf (qkSRS /6 )]3 / q }PX describe the

“smaller substructure, Ry, with the high-q cut-off for the substructural power law
outside of the observed size range” '*. Therefore there is no exponential prefactor to

power law scattering in the fourth term.
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2.3.3.1 Computer Modelling: The Unified Equation

The unified model can be applied to small angle scattering data sets using the Irena
package ''” for Igor Pro (Wavemetrics, Oregon). Irena 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.

2.3.4 Surface Area Determination

If a material is found to have primary particles that are found to be surface fractal
then their surface area can be determined from the surface fractal scaling regime by
using the unified model. Beaucage ''' notes that the surface area for a surface fractal

at a particular size of measurement, r, is given by the following:
S(r)=sr>% (2.14)
where the surface fractal dimension, dj, is given by:

d =6-P (2.15)

s s

where P; is the surface fractal scattering exponent obtained from a unified fit to the

SAXS data set, and S is given as:

B 27[40(1—(0)3

S = s
stampleF (d\ )

(units of m®g™) (2.16)

where B; is the surface fractal power law prefactor, Q is the high-g invariant, psmpie
is the bulk density (for non-particulates) or the effective particle density which is
“defined as the particle mass divided by the particle volume, including the volume of

all pores” ', F(d,), p, and Q are given by the following ''":

F(d,)= (2.17)
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(0 — psample (218)

pbase
) 2
0= Il(q)qqu = 27 G, (units of cm™A) (2.19)
0 base

where ppqse 1S the primary particle density (true or atomic density), G is the Guinier
prefactor for the primary particle substructure, Vye is the volume of the primary

particles and /(g) is expressed as follows (from the unified equation):

1(q)=G, exp(%ﬁgfj + B, { [erf(qkSRS /\/E)] J (units of cm™) (2.20)
q

where k; is a constant that “accounts for an approximation involved in the

s 111

description of the low-q power limit which is given a value of 1 for steep power-

law decays where the scattering exponent, Ps, is greater than 3.

Care must be taken in converting all units appropriately so that the value for S can be
determined. B, has units of cm™A*"® and therefore must be multiplied by 100"~
9 to convert to m™. Q has units of cm™ A~ and therefore must be multiplied by 10°?
to convert to m™. Psample has units of g cm™ and therefore must be multiplied by 10°

to convert to g m™. Therefore S can be determined in terms of m“g™.

The formula for surface area given by Equation 2.14 requires a size (or measuring
stick) of measurement to be used to indicate at which part of the surface fractal
scaling regime the surface area should be determined. Beaucage ' uses the size of a
nitrogen molecule (» = 4 A) akin to nitrogen adsorption in order to find a comparable

value (once it has been converted to meters).
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2.4 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Transmission electron microscopy (TEM) was conducted on a JEOL JEM2011
instrument operating at 200 kV at Curtin University and a JEOL 3000F FEGTEM
instrument operating at 300 kV at The Centre for Microscopy, Characterisation and
Analysis (CMCA) at The University of Western Australia. Both microscopes were
coupled with an Oxford Instruments energy dispersive x-ray spectrometer (EDS) for

elemental analysis. Both instruments also had electron diffraction capabilities.

Samples were loaded onto 200 mesh copper grids with holey carbon support films
drop-wise via suspension in either nitromethane or toluene. The TEM grids
contained minor traces of silicon resulting from the manufacturing process. Samples
must be exposed to air before being loaded into the TEM column; however air-

exposure time was kept as short as possible (up to a few minutes).

2.4.1 Difficulties

Samples were generally unstable within the electron beam and portions of the
samples often altered over time. The decomposition of a sample under the beam is
evident in Figure 2-16 where parts of the sample have disappeared or altered over
time. Sample decomposition made sample morphology investigations more difficult,

especially when very small nanoparticles were present.

Figure 2-16: Transmission Electron Microscopy (TEM) micrographs of a sample (MgH, + LiCl)
that has undergone decomposition under the electron beam over time. Micrograph B was taken
10 minutes after micrograph A.
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2.4.2 Energy Dispersive X-Ray Spectroscopy (EDS)

EDS provides elemental analysis of selected sample regions during 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 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.

2.4.3 Electron Diffraction

Electron diffraction (ED) can be undertaken within a TEM during imaging
investigations. The EM optics can be altered in order to display reciprocal space

19 Electron

information for the sample features illuminated by the electron beam
diffraction is a consequence of the de Broglie wave-particle duality which allows
detection of structural periodicity within a sample akin to x-ray diffraction. Due to
the 2-D detector within the TEM, spot and ring patterns can be detected allowing

single and polycrystalline sample to be analysed and distinguished.

ED patterns can be indexed once the real distances in the diffraction image (R) are

converted to d-spacing (djx) using:

LA
Ay == 2.21)

where L is the camera length and 4 is the electron wavelength calculated from:

A= (2.22)

where 4 is Plank’s constant, m and e are the electron mass and charge respectively, V'

is the accelerating voltage, and c is the speed of light in a vacuum.

A polycrystalline Al calibration standard was used to correctly calculate detected ED

patterns at Curtin University.
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2.5 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) was conducted on a Philips XL-30 at Curtin
University of Technology using secondary as well as backscattered electron
detectors. 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 then coated with gold prior to imaging in the SEM.
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2.6 SIEVERTS APPARATUS

A Sieverts de/hydriding apparatus allows for the study of absorption and desorption
kinetics as well as the determination of pressure composition (P-C) isotherms of
hydrogen storage materials depending on the technique used. There are three types of
hydrogen sorption apparatus that are routinely used to experimentally determine the

quantity of absorbed or desorbed hydrogen from a sample '**'*!:

1. Thermogravimetric techniques, where the sample mass change is measured

using a microbalance.

2. Manometric techniques, where the hydrogen pressure variation in the reaction

chamber of known volume is measured.

3. Temperature programmed desorption techniques, where the quantity of

hydrogen is determined by desorption measurements with a thermal ramp.

The manometric technique has been reported to be more accurate due to the
measurement of large pressure variations rather than small mass variations '*°
however different techniques can be more appropriate depending on the type of

sample being analysed "'

Hydrogen absorption and desorption measurements were undertaken using a custom
made manometric (Sieverts) apparatus as shown in Figure 2-17. A Sieverts apparatus
operates by inputting hydrogen into a known reference volume and measuring the
pressure and temperature of the gas to determine the number of moles of hydrogen in
the system. The hydrogen is then allowed to enter the known sample side volume
(which also contains the sample of interest) by opening a valve. By monitoring
pressure and temperature, a change in the number of moles of hydrogen in the system
can be calculated and hence the amount of hydrogen in the sample can be

determined.

The Sieverts apparatus in Figure 2-17 is constructed from 316 stainless steel
components (Swagelok, Australia) with the exception of the calibration volume
which is 304L stainless steel. All components consist of VCR face sealing fixtures

(except for the calibration volume that is sealed using NPT fittings) that are sealed by
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compression against silver coated stainless steel washers. VCR components have
very low leak rates, which is essential for a manometric apparatus, they also allow
for only a very minor internal volume change if parts are removed and reassembled.
Diaphragm valves are used that also have very low internal leak rates. A 0.5 pum
stainless steel filter is used at the top of the sample cell to prevent sample

contamination of the main apparatus.

Temperature

E[BBB y

Valve 4

Hydrogen

Valve 2 __ _i Valve 3

Calibration
Volume
Vacuum

Sample Side Volume

o

Figure 2-17: Custom made manual Sieverts apparatus at Curtin University.

The pressure gauge used (model 3051S T Ultra (Rosemount, Emerson Process
Management, Australia)) has extremely high precision over its calibrated range
(0.01% of the pressure range) with an accuracy of 0.02% of the pressure range. The
pressure gauge used operates using "gauge pressure", which is relative to
atmospheric pressure so an atmospheric pressure reading is also recorded using a

Baromec M 1975 barometer (Mechanism Ltd., England).

Temperature is measured with a K-type thermocouple (Hinco Instruments, Australia)
that penetrates deep within the reference volume in order to determine the ambient
gas temperature. High sample temperatures were achieved by using a Labec tube

furnace (Laboratory Equipment P/L, Australia) that is rated to 1200 °C and was
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temperature calibrated using a K-type thermocouple at a set sample depth. Cryogenic
temperature (77 K) is achieved by submerging the sample cell into a bath of liquid

nitrogen at a set depth during measurements.

2.6.1 Compressibility

The compressibility of hydrogen is a very important parameter when the number of
moles of hydrogen is calculated from pressure and temperature measurements. The

number of moles of hydrogen is calculated from:

PV

n=—— 2.23
ZRT 223)

where P is the pressure of hydrogen gas, T is the temperature, V' is the volume that
the hydrogen occupies, R = 83.14472 bar cm® K™ mol™ (R = 8.314472 J K' mol™ in
S.I. units) is the gas constant, and Z is given by:

Vﬂ

: 2.24
7 (2.24)

7 =

where V; is the molar volume of H; calculated from the ideal gas law as follows:
Vo= (2.25)

and where V), is the molar volume of H, which for temperatures > 100 K is
calculated from an equation of state (EOS) for hydrogen developed by Hemmes,

Driessen & Griessen '** and given by McLennan & Gray '* as:

( p+ %j(n ~b(p))=RT (2.26)

where

a(p) = exp[a1 +a, ln(p)— exp(a3 +a, ln(p))] (2.27)

b(p)= ;bi In(p) (p>100bar) (2.28)
b(100 bar) (p <100 bar)
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( ):{aowlﬂazr (T <300K) 2.29)

a(300K) (T >300K)

where p > 1 bar (1 bar = 0.1 MPa), T is the temperature, and the coefficients are

given in Table 2-6.

Table 2-6: Coefficients for equations (2.26) - (2.29) for pressure in bar, molar volume in cm’
mol " and temperature in Kelvin.

o 2.9315 bs -0.12385414

oy -1.531x10° | bs  9.8570583 x 10”

o, 4154x10° | b, 41153723 x 10™

by 20.285 b 7.02499 x 10
b, -7.44171 a; 19.599
b, 7.318565 a -0.8946
b; -3.463717 as -18.608

by 0.87372903 ay 2.6013

The EOS given by Equation 2.26 must be solved numerically to determine the molar
volume of hydrogen (see Appendix A). A comparison between the molar volumes
given by the EOS and ideal gas law can be seen in Figure 2-18 at 298.15 K and in

Figure 2-19 as a function of temperature.
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Figure 2-18: The molar volume of hydrogen at 298.15 K over a variety of pressures. The molar
volume has been calculated according to the equation of state (EOS) (V) as given by Hemmes,
Driessen & Griessen '?? and according to the ideal gas law (V;). The compressibility is also
shown which is the volume ratio Z=V,/V,.
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Figure 2-19: The molar volume of hydrogen at typical temperatures, numerically calculated
from the equation of state (EOS) given by Hemmes, Driessen & Griessen >, The molar volume
as calculated from the ideal gas law at 100 K is also shown for comparison.

A different equation of state (EOS) for hydrogen must be used for hydrogen
measurements taken below 100 K that more accurately models the compressibility of
hydrogen at these low temperatures. A comparison of the compressibility for
different EOS is shown in Figure 2-20. The Hemmes EOS '** is not valid at 77 K, but
is shown for comparison as is the ideal gas law which has no compressibility. The
two models that are valid at 77 K are the McCarty EOS '** and the EOS from NIST
Standard Reference Database Number 69 '*°. The NIST EOS is preferred because it
has been updated recently and provides accurate compressibilities which can be

verified by doing pressure measurements at 77 K with known volumes.

The NIST EOS data '* at 77 K can be fit by a polynomial that relates the pressure to

the compressibility as follows:

For P =1 to 140 bar

Z=1-0.0017359P +1.4459%x107° P* —6.8988x10°* P°
+5.5334x107° P* —1.1555x107"° P° +1.3545%x107"* P° (2.30)
—9.7473x10°° P7 +3.9175x107"7 P* —6.6383x107° P°
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For P = 140 to 5000 bar

Z =0.68302+0.0028112P+9.6708x107" P> —=2.0147x10”° P’
+1.6679%x102 P* —7.9345x107'° P> +2.2979x107"* P¢ (2.31)
—3.9964x102 P7 +3.8367x107 P* —-1.5627x107' P°

where Z is the compressibility of hydrogen gas at 77 K and P is the hydrogen

pressure in bar.
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Figure 2-20: Comparison of equation of state (EOS) models for hydrogen at 77 K. The EOS
shown include the Hemmes EOS "> (which is not experimentally determined for 77 K), the
McCarty EOS 124 the EOS from the NIST database '** and the zero compressibility of the ideal
gas law is shown for comparison.

2.6.2 Volume Calibrations

Volume calibrations were undertaken by allowing hydrogen gas to enter two separate
volumes within the manometric apparatus where one of these volumes is known.
Pressure and temperature readings are taken which allow the unknown volume to be
calculated. A calibration volume (see Figure 2-17) was used for an initial known

volume. The calibration volume was calibrated ex-situ by filling liquid ethanol up to
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Valve 2 which was then closed. The calibration volume is then determined by
measuring the mass of ethanol within the volume and given the density of ethanol
80126 at the measured temperature the volume that the ethanol displaces can be

calculated.

All volume calibration formulae are determined from a first principles approach by
assuming that the number of moles of hydrogen is constant within the system, and
when a valve is opened it is only the change in the volume of the system that causes
a change in the pressure of the gas. The volume calibrations are undertaken at least 5

times in order to obtain statistically significant numbers.

2.6.2.1 Reference Volume Calibration

The reference volume is calibrated from the known calibration volume using the

following procedure (with reference to Figure 2-17):
1. The system is evacuated by opening Valves 2 & 3 for about 15 minutes.

2. Valves 2 & 3 are closed and Valve 1 is opened then closed to bring the

reference volume (V) to a known pressure (P,) and temperature (7).

3. Valve 2 is opened and then closed after waiting for a long period (~1 hr) for
adiabatic effects to settle to bring the whole system, V, and the calibration

volume (V,), to a known pressure (P,) and temperature (7).

4. The reference volume is calculated by:

F,
ZT
V =V e e 232
r c Pr B Pe ( )
2T, 21T,

where V, is the unknown reference volume, V. is the known calibration volume, P, is
the initial reference pressure, 7, is the initial reference temperature, Z, is the
compressibility associated with the initial reference measurements, P, is the final
equilibrium pressure, 7, is the final equilibrium temperature, and Z, is the

compressibility associated with the final equilibrium measurements.
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2.6.2.2 Ambient Sample Side Volume Calibration

The ambient sample side volume is calibrated from the known reference volume

using the following procedure (with reference to Figure 2-17):
1. The system is evacuated by opening Valves 3 & 4 for about 15 minutes.

2. Valves 3 & 4 are closed and Valve 1 is opened then closed to bring the

reference volume (V) to a known pressure (P,) and temperature (7).

3. Valve 4 is opened and then closed after waiting for a long period (~30 min)
for adiabatic effects to settle to bring the whole system, V, and the sample

side volume (¥5), to a known pressure (P.) and temperature (7).

4. The ambient sample side volume is calculated by:

V,=V, ——F—— (2.33)

where V; is the unknown ambient sample side volume, V, is the known reference
volume, P, is the initial reference pressure, 7, is the initial reference temperature, Z,
is the compressibility associated with the initial reference measurements, P, is the
final equilibrium pressure, 7, is the final equilibrium temperature, and Z, is the

compressibility associated with the final equilibrium measurements.

2.6.2.3 Non-Ambient Sample Side Volume Calibration

A non-ambient sample side volume accounts for a proportion of the sample side
volume being at a different temperature than the rest of the sample side volume, i.e.
when the sample cell is in a furnace or liquid nitrogen. The non-ambient sample side
volume is calibrated from the known reference volume and the known sample side

volume using the following procedure (with reference to Figure 2-17):

1. The non-ambient sample cell volume is brought up to temperature and let to

reach equilibrium for at least 30 minutes.

2. The system is evacuated by opening Valves 3 & 4 for about 15 minutes.
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3. Valves 3 & 4 are closed and Valve 1 is opened then closed to bring the

reference volume (V) to a known pressure (P,) and temperature (7).

4. Valve 4 is opened and then closed after waiting for a long period (~30 min)
for adiabatic effects to settle to bring the whole system, V, and the sample
side volume (V) containing the non-ambient sample side volume (V},), to a

known pressure (P,.), ambient temperature (7,), and non-ambient temperature

(Tena)-

5. The non-ambient sample side volume is calculated by:

(PR (R
V _ Zr]—; ZeTe ZeTe

= 2.34
na P P (2.34)
Z, .. ZT

ena  ena e e

where V,, is the unknown non-ambient sample side volume, V is the known ambient
sample side volume, V, is the known reference volume, P, is the initial reference
pressure, 7, is the initial reference temperature, Z, is the compressibility associated
with the initial reference measurements, P, is the final equilibrium pressure, 7, is the
final equilibrium ambient temperature, Z, is the compressibility associated with the
final ambient equilibrium measurements, 7,,, is the final equilibrium non-ambient
temperature, and Z.,, is the compressibility associated with the final non-ambient

equilibrium measurements.

2.6.3 Hydrogen Sorption Measurements

Hydrogen sorption measurements are made by firstly sealing a sample (of known
mass and density) within the sample side of the apparatus within an argon glovebox.
The sample side is then reattached to the manometric apparatus and the following

procedures are performed.
Hydrogen absorption is performed using the following procedure:

1. The system is evacuated by opening Valves 3 & 4 for about 1 hour. This can
be performed at temperature to allow any adsorbed gases to escape. Valves 3

& 4 are then closed.

67



2. Valve 1 is slowly opened and then closed to bring the reference volume (V)
to the desired pressure (P,) at a given temperature (7,) which is recorded after

adiabatic effects have dissipated.

3. Valve 4 is then slowly opened to minimise adiabatic effects and once
equilibrium has been reached between the hydrogen gas and the sample (i.e.
no change in pressure) Valve 4 is slowly closed and the final pressure (P,)

and final temperature (7,) are recorded.

4. Steps 2 & 3 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 P, and 7T, become the initial sample side pressure

(Ps) and initial sample side temperature (75) respectively.
Hydrogen desorption is performed using the following procedure:

1. The system is evacuated by opening Valves 3 & 4 for a given time depending
on the sample so as not to desorb the sample significantly. This process

removes any other gases present in the system. Valves 3 & 4 are then closed.

2. The reference volume is evacuated by opening Valve 3 and then closing it
after about 15 minutes. The initial pressure (P,) in the reference volume (V)

is zero and is recorded.

3. Valve 4 is then opened and once equilibrium has been reached between the
sample and the hydrogen gas (i.e. no change in pressure) Valve 4 is slowly

closed and the final pressure (P,) and final temperature (7) are recorded.

4. Steps 2 & 3 are then repeated until no desorption takes place and the sample
has released its maximum hydrogen content. The values of P, and 7, become
the initial sample side pressure (Ps) and initial sample side temperature (75)

respectively.

2.6.3.1 Ambient Sorption

The change in the number of moles of hydrogen within the manometric apparatus
due to a sample during hydrogen sorption measurements at ambient temperature can

be calculated by the following:
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N, =N, +n, —n, (2.35)

where n, is the number of moles of hydrogen in the reference volume initially, n; is
the number of moles of hydrogen in the sample side volume initially, and #, is the
final number of moles of hydrogen in the total system after equilibrium. The

numbers of moles of hydrogen are given by the following equations:

PV,
o

= 2.36
TR (2.36)

where V. is the reference volume, P, is the initial reference pressure, 7, is the initial
reference temperature, Z, is the compressibility associated with the initial reference

measurements, and R is the gas constant (8.314472 J K™ mol™).

ns — PS'(VS - Vsample) (237)
ZSRTY

where V is the sample side volume, P; is the initial sample side pressure, 7 is the
initial sample side temperature, Z; is the compressibility associated with the initial
sample side measurements, and Ve 1s the volume that the sample displaces within
the sample side volume which can be calculated from its mass and density.

RV, +V,-V,

ne _ sample) (23 8)
7 RT,

where P, is the final equilibrium pressure, 7, is the final equilibrium temperature,

and Z, is the compressibility associated with the final equilibrium measurements.

2.6.3.2 Non-Ambient Sorption

The change in the number of moles of hydrogen within the manometric apparatus
due to a sample during hydrogen sorption measurements at non-ambient temperature

can be calculated by the following:
N, =n,+n, —n, (2.39)

where 7, is the number of moles of hydrogen in the reference volume initially, 7 is

the number of moles of hydrogen in the sample side volume initially, and n, is the
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final number of moles of hydrogen in the total system after equilibrium. The
numbers of moles of hydrogen are given by the following equations:
PV

n = rr 2.40
TR (2.40)

where V, is the reference volume, P, is the initial reference pressure, 7, is the initial
reference temperature, Z, is the compressibility associated with the initial reference
measurements, and R is the gas constant (8.314472J K mol™).

PS (I/S - Vna ) R (Vna - Vsample)

n, = + (2.41)
ZS‘RT-; ZnaRT;la

where V is the sample side volume, P; is the initial sample side pressure, 7 is the
initial sample side ambient temperature, Z; is the compressibility associated with the
initial sample side ambient measurements, Vigupe 1s the volume that the sample
displaces within the sample side volume which can be calculated from its mass and
density, V,, is the non-ambient sample side volume, 7, is the non-ambient sample
side temperature, and Z,, is the compressibility associated with the initial sample side

non-ambient measurements.

I A S A P

n, = (2.42)
ZQRY-; ZER]—; ZenaRY;la

where P, is the final equilibrium pressure, 7, is the final equilibrium ambient
temperature, Z, is the compressibility associated with the final equilibrium ambient
measurements, and Z,,, is the compressibility associated with the final equilibrium

non-ambient measurements.

2.6.4 Uncertainty

A number of system parameters determine the accuracy of a Sieverts hydrogen
sorption apparatus and insufficient consideration of these parameters can lead to

2. Calibration, temperature monitoring,

significant sources of measurement error
sample thermal effects, the approach to equilibrium, sample size, gas purity, system

volume to sample size ratio, sample degassing, sample history, pressure

70



measurement, the compressibility of hydrogen, thermal transpiration effects,

accumulative errors, and leaks.

The uncertainty in the number of moles measured in a carefully selected Sieverts
system is less than 1 % and a detailed analysis is provided by Sheppard '*’. The
sensitivity of the Sieverts apparatus can be calculated '*® which is a function of the
volumes in the apparatus and the sample itself. Large errors in measurement are
especially likely at low temperatures (i.e. 77 K) due to the high density of hydrogen
at these temperatures which can seriously affect molar hydrogen calculations if the

sample density is not known with high accuracy.

2.6.5 Automated Sieverts Apparatus

A computer controlled volumetric hydrogen apparatus was constructed for the
purpose of providing a user-configurable system for automatically operating the
apparatus and providing large quantities of data and live measurements. Similar

120

automatic Sieverts apparatus have been built before which are also able to

measure both kinetics and pressure-composition data.

2.6.5.1 Hardware

The automated Sieverts apparatus was built using the same principles and
components as a manual apparatus, but with computer controlled pneumatic valves
and computer inputs for pressure and temperature as shown in Figure 2-21.
Computer control was made possible through use of a USB-6009 data acquisition
device (National Instruments, Austin, USA) that interfaces with a PC via USB and

provides analogue and digital inputs/outputs.

Pneumatic valves (Swagelok, Australia) are a normally-closed type and were
connected to a 7 bar nitrogen line to provide valve opening pressure that was
controlled by four electrically operated pneumatic actuators (Norgren, Australia).
The USB-6009 data acquisition device was used to operate the pneumatic actuators
via four 5 V digital outputs that were passed through a custom built current amplifier
and used to activate four 24 V relays which opened and closed the actuators

providing opening pressure to the valves.
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Figure 2-21: Custom made automated Sieverts apparatus at Curtin University.

A fifth valve was used in the automated apparatus (Valve 5 in Figure 2-21) that was
used to moderate the input hydrogen pressure into the reference volume. Control
over the hydrogen pressure in the reference volume on a manual apparatus is made
possible with precise manual control of the hydrogen input valve (Valve 1 in Figure
2-17). The pneumatic valves on the automated apparatus are either fully open or fully
closed and so the small volume between Valve 5 and Valve 1 in Figure 2-21 allows
for some control over the hydrogen input pressure into the reference volume, which

is related to the pressure differential between valve-separated volumes.

The pressure gauge (model 3051S T Ultra, Rosemount, Emerson Process
Management, Australia) provided absolute pressure readings that were digitally
displayed on the gauge face. The pressure gauge has a high precision linear
relationship between the absolute pressure measurements and the gauge's 4 — 20 mA
current draw. The pressure gauge power cable was interfaced to an analogue input on
the USB-6009 data acquisition device with a high stability resistor with a very low
temperature coefficient (< = 5 ppm/°C). The resistor provided a voltage range that
was linearly correlated with the gauge's pressure range. The voltage was calibrated
over the entire pressure range (0 — 140 bar) by recording multiple voltage-pressure

readings.
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Ambient temperature measurements were undertaken with a custom built four-wire
platinum resistance temperature detector (RTD) (Hinco Instruments, Australia) that
was interfaced with a USC701-2001 universal signal conditioner (Analog Process
Control Services A.P.C.S, Australia) that outputs a voltage signal to an analogue
input on the USB-6009 data acquisition device. A linear voltage-temperature

relationship existed that was calibrated against multiple data points from 0 — 100 °C.

2.6.5.2 Software

The software was programmed using Labview 8.2.1 (National Instruments, USA)
which provides a graphical programming environment. The programming
environment does not allow lines of code but instead allows the user to construct
blocks of code that are wired together to form a program. Unfortunately this type of
program is almost impossible to print on paper due to the complexity of the code
display. Therefore code schematics are provided in Appendix C that detail the inner
workings of the software program that was designed to automate hydrogen

measurements.

The software has been designed to provide live pressure and temperature readouts
and allow for user defined computer-operated control of all pneumatic valves.
Automated volume calibrations and hydrogen sorption runs are also possible with
user-defined run conditions provided in the user interface or in a configuration file

given in Appendix C.

The software automates reference volume calibrations (with manual prompts),
ambient sample volume calibrations and non-ambient sample volume calibrations.
Volume calibrations are undertaken five or more times under different pressure
conditions in order to provide statistically significant volume measurements. Data is
recorded to an output file which provides all of the necessary details of the

calibration cycles including the average volume and its standard deviation.

The software was also designed to allow for customised hydrogen absorption and
desorption runs, which are able to provide both kinetic and pressure-composition
measurements. This is made possible by providing the user with a list of options

regarding the type of sorption run they wish to perform.
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Data is recorded to an output file that provides the initial run condition parameters
used: date, time, absorption or desorption, sample notes, reference volume, ambient
sample volume, non-ambient sample volume, internal valve volume, whether the
conditions were non-ambient, non-ambient sample temperature, sample mass, and
sample density. Data is output at user-defined intervals at which time the following
data is recorded to the output file: Pressure, temperature, and compressibility
measurements for the sample-side, reference and final (total rig) volumes. Data is
also recorded at the user-defined intervals for the number of moles of hydrogen
absorbed, the weight % of hydrogen in the sample, and the time interval from the run
start time. Live outputs are also displayed on-screen for the current weight %
absorbed at each user-defined output time, and a live pressure-composition (P-C)

plot is also displayed.
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CHAPTER 3

ALUMINIUM NANOPARTICLES

“Research is the process of going up alleys to see if they are blind” - Marston Bates
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3.1 BACKGROUND

Aluminium (Al) is the most abundant metal in the Earth's crust and the third most
abundant element, but it is not found in its pure form in nature because of its extreme

129

affinity for oxygen . Pure Al only has one structural phase, face centred cubic

(FCC), despite some confusion in the literature that is likely related to different

1 ..
3% Aluminium can be used as a

phases being identified due to sample impurities
hydrogen storage compound in the form of alane (AIHj3). Alane is a promising
hydrogen storage compound due to its very high hydrogen storage capacity (10.1
weight %), low hydrogen desorption temperature, fast desorption kinetics, and the
widespread availability of aluminium. The major problem related to using aluminium
as a hydrogen storage material is the extremely high (~2.5 GPa) pressure required for

the absorption of H into bulk aluminium metal *°, a consequence of its unstable

formation enthalpy of -11.4 kJ/mol '*'. Alane is discussed in detail in Chapter 4.

The hydrogen absorption properties of Al nanoparticles are not well known, and the
mechanochemical synthesis of Al nanoparticles is promising in order to analyse the
behaviour of hydrogen at moderate pressures with unoxidised aluminium
nanoparticles. It is expected that the small particle size and clean nanoparticle surface
would allow hydrogen to absorb into aluminium under more reasonable hydrogen
pressures, compared to the very large ~150 pm Al powder used in previous studies *,
that was most likely oxidised. Small nanoparticles are expected to alter both the
thermodynamics and kinetics of the aluminium-hydrogen system. Significant
thermodynamic changes are theoretically predicted for aluminium nanoparticles
smaller than 5 nm in comparison to the bulk ** however these thermodynamic
changes have not yet been experimentally demonstrated and it is not yet known with

certainty if these changes extend to larger aluminium nanoparticles.

Aluminium nanoparticles are also of interest to a variety of fields including
pyrotechnic, propellant and explosive industries. Aluminium powder has been added

to a variety of these compositions in order to increase their performance through

raising reaction energies, flame temperatures and increasing blast rates '**'%°

Nanoparticles of aluminium are more favourable because of their high enthalpy of

134 1

combustion 32 that increase these reaction properties even

further.

and rapid kinetics
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3.1.1 Synthesis

In the 1880’s aluminium was a semi-precious metal that was commercially
synthesised on a small scale by the reduction of aluminium chloride (AICl3) with

. 135
sodium metal

. Today aluminium is generally produced by a process that begins
with the mining of bauxite ore which is then refined into alumina (Al,O3) using the
Bayer process °°. Alumina is then electrolytically reduced to aluminium metal using

the Hall-Heroult process which proceeds as follows '*°:

2A1,0,+3C«—> 4A14+3CO, 4G, = +991 kI/mol 3.1)

Unfortunately the process generates significant volumes of CO, that has a
detrimental environmental impact. In addition, a large quantity of electricity is
required to reduce Al,O3 due to the very high positive AG. However, aluminium is
produced in great amounts around the world (33.9 million tonnes in 2006 %) and it is
utilised in numerous industries due to its low cost, high abundance, and useful

properties.

3.1.1.1 Nanoparticles

A number of methods have been utilised in the literature to synthesise aluminium
nanoparticles as outlined in Section 1.4.3. A mechanochemical synthesis method was
chosen for Al nanoparticle synthesis due to the method’s versatility and simplicity.
The use of different synthesis conditions allows particle size to be controlled,
allowing hydrogen sorption studies to be undertaken on Al with a variety of particle
sizes. The aluminium nanoparticles are also synthesised in a pure form (embedded in
a salt by-product phase) without any oxide contamination that would restrict

hydrogen absorption.

3.1.2 Oxide Layers

The presence of an oxide layer (Al,O3) on aluminium nanoparticles is a significant
problem if it is used as a hydrogen storage material. It has been suggested "’ that
aluminium oxide (alumina) can be used as a coating for hydrogen tanks in order to
reduce the permeation of hydrogen through the tank walls because the permeation
rate in alumina is much less than in metals. Aluminium oxide surface layers can be

1

detrimental to molecular '** and even atomic *° hydrogen permeation. Low oxide
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content is also beneficial for the pyrotechnic, propellant and explosive industries
where aluminium nanoparticles with thinner oxide layers are associated with higher

reactivities >

. Significant oxidation has been evidenced 0" When aluminium
nanoparticles are heated above their melting point (940 K) in air, causing combustion

to occur.

The reaction between elemental aluminium and oxygen is extremely exothermic:
2Al1+ %Oz —>a-ALO, A Gy = —1582 kJ/mol (3.2)

The reaction with water (that is also present in air) is less reactive but still

significant:
2A1+3H,0(g) ——> a-AlL,O, + H,(g) A G = —897 kl/mol 3.3)

Different phases of aluminium oxide can be formed during oxidation however it has

41 142

been shown theoretically '*' and experimentally that it is thermodynamically

favourable for an amorphous aluminium oxide layer to be formed.

3.1.2.1 Surface Passivation

One solution to eliminating the formation of an oxide coating is coating the
nanoparticles with some other material that may be more permeable to hydrogen but
not oxygen. Aluminium particles have been coated by a number of materials in order
to prevent oxidation during storage or handling. The coatings have been applied by:
carbon deposition '**, stearic acid aluminium diboride deposition '**, polyvinylidene

fluoride deposition by supercritical fluid carbon dioxide '*°, polystyrene

polymerisation '*®, and high density polyethylene using a modified Ziegler-Natta
process 4. Chemical synthesis techniques have also been used '** in the construction
of aluminium nanorods (diameter ~ 20 - 300 nm) that have a hydrocarbon coating
that repels oxygen and moisture. The hydrocarbon coating is removed upon heating

the material to ~150 °C %,

3.1.3 Hydrogen Interactions

Molecular hydrogen has a very low sticking probability on aluminium ** and there is

also a large barrier for hydrogen dissociation in the order of 1 eV '*. These
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properties in addition to the poor hydrogen permeation through aluminium oxide
layers result in extremely detrimental conditions for hydrogen absorption into
aluminium. However aluminium clusters have been identified in experimental *° and
theoretical studies > to allow dissociative hydrogen chemisorption with low
activation energies. The activation barriers can be overcome with a modest supply of

thermal energy or possibly through use of a catalyst.

The solubility of hydrogen in solid aluminium metal is very low whereby just below
its melting point 6.04 x 10~ at.% H and 0.03 at.% H dissolves at 1 bar and 1 kbar
respectively '°. It has also been shown by Paskevicius and Buckley "' that there is a
negligible change in the lattice parameter for Al (du/ag = 3.7 x 10”) upon plasma

charging aluminium with hydrogen '**

. Three distinct hydrogen trapping states have
been identified '>* that are associated with interstitial lattice sites, dislocations, and
vacancies. The types of trapping states present have an impact on the diffusivity of
hydrogen in Al ' however hydrogen diffusion is very low even in very pure

aluminium with limited trapping sites.

The formation of alane (AlHs3) is discussed in detail in Chapter 4.
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3.2 MECHANOCHEMICAL SYNTHESIS

A reaction between aluminium chloride and sodium metal has been used historically
to synthesise bulk aluminium powder '**. The historical reaction chemistry has been
adapted where aluminium nanoparticles were synthesised mechanochemically using

two reaction pathways as follows:

AICI, +3Na—>Al+3NaCl A Gy, =522 kJ/mol (3.4)

AICL +3Li—>Al43LICl A Gy, =—522 kl/mol 3.5)

The reaction products are aluminium metal particles that are embedded within larger
salt (LiCl or NaCl) clusters. The addition of a buffer material (i.e. LiCl) with the
reactants allows for a medium that promotes nanoparticle formation and restricts the
growth of large agglomerates of the desired aluminium phase by tempering
combustion. Reactions 3.4 and 3.5 were both undertaken at room temperature to
determine their viability. Reaction 3.4 was initiated with a B:P of 55:1 for 280 min
using a NaCl reaction buffer (14.6:1 NaCl:Al volume ratio). Reaction 3.5 was
initiated by milling with a ball to powder ratio (B:P) of 35:1 for 180 min using a LiCl
buffer (9.7:1 LiCl:Al volume ratio). Both reactions proceeded to completion as

verified by XRD shown in Figure 3-1.

There is a minor peak in the LiCl pathway XRD pattern (Pattern B in Figure 3-1) at
260 = 32.9° that has been attributed to lithium chloride hydrate (LiCl.H,O) which is
present due to an improper seal with the mylar film during XRD as LiCl is
hygroscopic. Rietveld fitting results are provided in Table 3-1 that outline phase
wt.% and crystallite sizes. The aluminium synthesised using the sodium pathway has
almost twice the crystallite size of that synthesised using the lithium pathway even
though a higher volume ratio was used in the sodium pathway. The hardness of both
lithium (0.6) and sodium (0.5) on the Mohs scale are very similar as are LiCl (1.5-2)
and NaCl (2.5), so it is unlikely that the Al crystallite size difference is a result of
reagent hardness. Larger aluminium crystallites are likely a result of the size of the
initial reagents. The sodium metal used as an initial reagent was much larger than the
lithium metal used. However both metal reagents used were bulk materials (> 1 mm

pieces) which likely resulted in relatively large Al crystallites.
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Figure 3-1: X-Ray Diffraction (XRD) patterns (D500) for mechanochemically synthesised
samples that were initiated by Reactions A: 3.4 & B: 3.5. The patterns were collected after ball
milling was complete and show that the reactions ran to completion. The XRD sample for
Reaction A: 3.4 (NaCl) was not sealed under a mylar film as it was air stable. Rietveld fitting
results and calculated difference plots are also shown.

Table 3-1: Rietveld fitting results for XRD patterns from mechanochemically synthesised Al as
given in Figure 3-1. Mathematical fitting uncertainties are provided (2 standard deviations).

Phase Wt. % Crystallite Size (nm)
NaCl Pathway Al 6.0+0.2 70+ 4

NaCl 94.0+0.2 130+ 10
LiCl Pathway Al 8.6+0.2 38+4

LiCl 90.8+0.2 110£20

LiCL.H20 0.6+0.2 70 £ 60

TEM investigations were undertaken in order to provide a visual representation of
the as-synthesised samples. Aluminium nanoparticles embedded within larger NaCl
salt clusters are shown in the TEM micrographs in Figure 3-2. Energy dispersive
spectroscopy (EDS) mapping was used to identify the small particles as aluminium
which were embedded within larger chlorine rich (NaCl) clusters. The aluminium

particle size (while still embedded in NaCl) was determined from direct TEM
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imaging as ~ 40 - 50 nm. Much larger aggregate structures of salt and aluminium

were found to dominate the sample in TEM investigations as shown in Figure 3-3.

z ',f"

I
0.2 um

I
0.2 ym

Figure 3-2: Transmission Electron Microscope (TEM) micrographs of aluminium nanoparticles
(40 - 50 nm) embedded within larger (200 - 500 nm) NaCl salt clusters. Elemental mapping was
used to identify the smaller particles as aluminium and the larger matrix as salt.

“ >N.".

Figure 3-3: Transmission Electron Microscope (TEM) micrograph of large aggregate clusters of
Al and NaCl that were prevalent within ball milled samples. A holey carbon support film is
present.
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3.2.1 Milling Conditions

Nanoparticle size can be tuned by altering the milling conditions during
mechanochemical synthesis ®*’®. In order to understand the relationship between
certain milling parameters and the as-synthesised Al crystallite size a range of
samples were synthesised using room temperature ball milling under a variety of
milling conditions, as outlined in Table 3-2. All samples were milled using equal

numbers of 7.938 mm and 12.7 mm balls with a 1 g Al yield.

Table 3-2: Aluminium Sample Synthesis Details

Sample Name Ball to Powder Milling Time LiCl Product Volume Ratio
Ratio (hr) Buffer (g) (LiCL:AD
Al 35tol 3hr 6.8 35:1 3 0 6.8:1
Al 35tol 3hr 9.7 35:1 3 2 9.7:1
Al 35tol 3hr 12.5 35:1 3 4 12.5:1
Al 35tol 6hr 9.7 35:1 6 2 9.7:1
Al 35tol 12hr 9.7 35:1 12 2 9.7:1
Al 35tol 24hr 9.7 35:1 24 2 9.7:1
Al 70tol 3hr 9.7 70:1 3 2 9.7:1

XRD was performed on all samples (see Figure 3-4) so that the aluminium crystallite
size could be determined. Unfortunately the mylar film used to seal the XRD
samples from air (O, & H,O) during measurement was not adequately air-tight
during data collection. This resulted in a large quantity of LiCL.H,O formation from
the reaction between LiCl and the moisture in the air. Fortunately the aluminium
nanoparticle phase did not appear to be adversely affected by this LiCl moisture
contamination, allowing crystallite sizes to be determined from Rietveld analysis of
XRD data. There is noticeable Al peak offset in 26 which is due to sample
displacement variations during XRD sample packing. Although crystallite size is not
equivalent to particle size, in high buffer samples the crystallite size does approach

the particle size.

Rietveld analysis revealed trends in aluminium crystallite size under altered milling
conditions as shown in Figure 3-5. The most significant factor controlling Al
crystallite size appears to be the amount of reaction buffer (LiCl) that is used (A in
Figure 3-5). A large decrease in Al crystallite size is observed for samples with larger

buffers, which were all milled for the same time (3 hr).
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The variation of aluminium crystallite size with milling time (B in Figure 3-5)
decreases rapidly between milling times of 3 hours and 6 hours and then appears to
reach an equilibrium crystallite size of ~22 nm that is maintained for milling times of
6, 12, and 24 hours. The crystallite size behaviour with increased milling time is
remarkably similar to that observed for traditional ball milling of aluminium metal *'
where 40 nm Al crystallite sizes are observed for short milling times and a ~ 25 nm
crystallite size plateau is observed for longer milling times. Mechanochemically
synthesised aluminium however consists of discretely separated Al particles that are
often single crystals due to the reaction buffer preventing particle agglomeration
during milling. However it is likely that long milling times would allow previously
separated Al crystallites to come into contact and agglomerate into larger particles

with little change in crystallite size.

A minor decrease in Al crystallite size is also observed for a sample that was milled
with a 70:1 ball to powder ratio in contrast to 35:1 (C in Figure 3-5). It is apparent
from Figure 3-5 that large buffers are necessary for significant Al crystallite
reduction, however increased reaction buffers result in samples that have much more

salt to remove (using washing) in order to produce pure Al nanoparticles.
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Figure 3-4: X-Ray Diffraction (XRD) patterns (D500) for mechanochemically synthesised
aluminium using Reaction 3.5 with varied milling times, LiCl buffer amounts, and ball to
powder (B:P) ratios. Ball milling was performed at room temperature with equal numbers of
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12.7 and 7.938 mm balls. LiC1.H,O is present due to improper sealing of the mylar film which
protects samples from the atmosphere during XRD measurement. Patterns are vertically offset
for clarity and an inset is given of the strongest peak for aluminium for comparison. Rietveld

fitting results are given by the solid lines.
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Figure 3-5: Variation of aluminium (Al) crystallite size with milling parameters: A — LiCl buffer
3 hr, 35:1 B:P), B — milling time (35:1 B:P, 9.7:1 buffer), and C — ball to powder ratio (3 hr,
9.7:1 buffer). Crystallite size was calculated by XRD Rietveld fitting results.

3.2.2 Washing

The mechanochemically synthesised samples can be washed with a solvent capable
of removing the salt by-product phase in order to produce a pure Al nanoparticle
product. The washing process is made difficult for Reactions 3.4 & 3.5 because
aluminium nanopowders are highly reactive to water "°* and many other solvents in
which salts are soluble result in the formation of surface layers such as aluminium
oxide, hydroxide or oxy-hydroxide '*°. The removal of the by-product phase can also
be achieved by heating in some cases ® however this is also impractical due to the

possibility of particle growth at high temperatures.

Samples synthesised using Reaction 3.5 that have a LiCl by-product were assumed to
be more easily washed because of the preferred solubility of LiCl in a wider range of
solvents. A range of solvents were tested for reactivity with aluminium and in
regards to their LiCl solubility. Testing was required as, in general, reactivity and
solubility information is often very difficult to obtain from the literature. The list of

solvents considered is provided in Table 2-1, although not all were tested due to
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some of the solvents presenting obvious incompatibilities. More information on the
solvents tested is provided in Section 2.1.5.1. Three solvents were identified as being
appropriate for washing LiCl from Al nanoparticles: pure tetrahydrofuran (THF), and

nitromethane or toluene when AIClj is pre-dissolved in solution.

Nitromethane was used as the LiCl solvent because it was found to be relatively inert
towards the aluminium nanoparticles, and had a low viscosity that made particle
separation possible. However, in order to promote LiCl solubility in nitromethane,
aluminium chloride was added in a 3:1 ratio of AlICI5:LiCl because the presence of
certain other salts in solution have been found to promote the solubility of LiCl in
nitromethane *. It was also found that NaCl dissolves within the nitromethane-AlCl;

solution.

XRD data is provided in Figure 3-6 which details the effect of washing Al/LiCl
samples with nitromethane/AICl;. It is obvious that the washing procedure is
successful in removing the LiCl salt whilst not adversely affecting the aluminium
nanoparticles (i.e. no crystalline oxide phases present). Rietveld analysis was
undertaken on each of the XRD patterns in Figure 3-6 to provide quantitative phase
information as given in Table 3-3. After one wash the LiCl content is reduced
significantly and the average LiCl crystallite size increases slightly which can be
attributed to smaller LiCl crystallites dissolving more quickly in solution during
washing. After three washes all traces of LiCl are removed, and only pure Al
nanoparticles remain, however it is likely that trace LiCl is still present in
undetectable quantities (< 1 wt.%). Any amorphous content that could be attributed

to an oxide phase is not detectable with XRD and therefore is unknown.

The Rietveld analysis in Table 3-3 also reveals considerable aluminium crystallite
size growth (~40%) after successive washing procedures. The elimination of LiCl
buffer material from the washing procedure results in Al-Al crystallite interactions
(after removal of the physical phase separation barrier) that may lead to crystallite
agglomeration increasing the average Al crystallite size. Al crystallite growth upon
washing is of significance if ultra-small Al nanoparticles are to be produced, as they
would be lost to agglomeration. It is likely that a physical barrier to agglomeration
will be required (such as a nanoparticle coating) in order to maintain small Al

nanoparticles. It is also possible that there could be a minor loss of very small Al
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particles during the centrifugation step in the washing process. This would result
from insufficient centrifugation times and would lead to a bias of larger particles

being separated and continuing onto subsequent washing stages.
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Figure 3-6: X-Ray Diffraction (XRD) patterns (D500) for mechanochemically synthesised
aluminium nanoparticles in lithium chloride (Al _35tol_3hr 9.7). An as milled sample (—), a
sample washed once with nitromethane and AICl; (—), and a sample washed three times (twice
with nitromethane & AICIl; and once with just nitromethane) (—) are shown. Patterns are offset
for clarity and scaled to a constant aluminium peak intensity to provide a comparison of relative
salt content.

Table 3-3: Rietveld results for XRD patterns in Figure 3-6 for Al_35tol_3hr 9.7 samples which
have undergone washing with nitromethane/AlCl;. Mathematical fitting uncertainties are
provided (2 standard deviations).

Phase Wt. % Crystallite size (nm)
As Milled Al 8.6+0.2 383+24

LiCl 914+0.2 115+21
After Wash 1 Al 41.0+0.6 423+22

LiCl 59.0+0.6 127 £48
After Wash 3 Al 100 544+1.6

Figure 3-7 displays XRD patterns for both mechanochemically synthesised (washed)
Al nanoparticles and commercially available Al nanoparticles (American Elements,
Los Angeles, USA, 99%+). It is immediately obvious that the purchased Al

nanoparticles are heavily oxide contaminated despite the suggested high purity,
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whereas no crystalline oxide phases are present in the mechanochemically

synthesised Al.
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Figure 3-7: X-Ray Diffraction (XRD) patterns (D500) for a mechanochemically synthesised
sample once ball milling is complete (Al 35tol 3hr 9.7), and for purchased aluminium
nanoparticles. The XRD pattern for the washed sample shows that the lithium chloride salt is
completely removed after washing and only aluminium nanoparticles remain. The purchased
aluminium nanoparticles show high quantities of aluminium oxide and there is also one
unknown peak (?). Rietveld fitting results and calculated difference plots are also shown.

There is a very minor peak in the washed mechanochemically synthesised sample
pattern at 17.95 degrees that has been attributed to trace aluminium hydroxide
AI(OH);, although the peak position is offset by 0.36 degrees in 26 (d-spacing
difference (Ad) = 0.097 A) suggesting that this may not be a positive match (which is
made difficult due to the very low peak intensity). It is also possible that the peak at
17.95 degrees is due to an amorphous hump present at ~18 degrees from minor
amounts of soft paraffin used to seal the mylar film during XRD analysis (see Figure
2-8). There are no aluminium oxide (Al,O3;) peaks present in the washed XRD
pattern (but possibly a trace AI(OH); phase) which suggests there was no significant

reaction between the solvent and the aluminium nanoparticles. The aluminium

88



nanoparticles are therefore pure and any oxide content is either amorphous or below
the XRD resolution limit suggesting the nanoparticles possess relatively oxide-free
clean surfaces. Although no crystalline oxides were detected it has been shown '*'*'#?
that the formation of amorphous aluminium oxide is thermodynamically favourable.
A low aluminium oxide content is beneficial for hydrogen storage where aluminium

- : 138 . 139
oxide surface layers can be detrimental to molecular "°* and even atomic "~ hydrogen

permeation.

The purchased sample contains a large quantity of crystalline Al,O; despite
advertising a high purity. Two Al,O; phases were identified as §* °° and 6 because
these phases provide the best match to the collected data as shown by the Rietveld fit
in Figure 3-7. However a single peak in the purchased sample pattern at 28.5 degrees
could not be indexed to any known aluminium oxide, hydroxide, or oxy-hydroxide
phase and is an unknown sample component. The extent of oxidation is apparent by
means of the quantitative Rietveld analysis shown in Table 3-4. In the
mechanochemically synthesised sample there is only trace aluminium hydroxide,
however the purchased sample is almost 50% Al,Os by weight. Both samples have
comparable Al crystallite sizes however the purchased sample’s particle size would
be significantly larger due to the extent of its oxide layer.

Table 3-4: Rietveld results for XRD patterns in Figure 3-7 for a washed Al _35tol_3hr 9.7
sample and a purchased (American Elements) sample.

Phase Wt. % Crystallite size (nm)
Mechanochemical Al 96.9+1.9 56.8£1.3
Al(OH); 31+19 13.8+ 134
Purchased Al 523+1.3 46.7+1.4
O*-Al, 05 294+13 11.5+1.2
6-Al,04 182+1.4 17.0+2.6

Transmission electron microscopy (TEM) investigations were undertaken in order to
understand the extent of aggregation, agglomeration and polydispersity within the
washed, mechanochemically synthesised aluminium nanoparticle sample
(Al 35tol 3hr 9.7). The TEM micrographs in Figure 3-8 show a range of
aluminium particles from ~25 nm to ~100 nm in size that exist in aggregate
structures. The particles were identified as aluminium by energy dispersive
spectroscopy (EDS) as shown in Figure 3-9. EDS also showed the existence of O
which was most likely due to Al,Os, a result of TEM sample air exposure. TEM
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investigations revealed polydispersity of the aluminium particles that is most likely
due to their formation during the mechanical milling procedure under varied
conditions. The crystallite sizes from XRD and particle sizes from TEM cannot be
directly compared because the XRD crystallite size is a volume weighted mean
whereas the TEM particle size is a number weighted mean. However the aluminium
crystallite size from XRD is of the same order of magnitude as the particle size from
TEM measurements suggesting that each nanoparticle consists of few individual

crystallites.

Figure 3-8: Transmission electron microscope (TEM) micrographs of mechanochemically
synthesised aluminium nanoparticles (Al 35tol _3hr_9.7) that have been washed with
nitromethane to remove the LiCl salt by-product. An aggregate of ~25 - 40 nm aluminium
particles is shown and larger ~100 nm aluminium particles are shown in the insert. Both scale
bars are 100 nm.

SAXS data was collected for the washed nanoparticles as shown in Figure 3-10 in
order to provide more statistically significant structural information. A power law
relationship between scattered intensity and the scattering vector ¢ dominates the
data set and there is a hump in the data set at low-g has been attributed to a Guinier
region generated by the average aluminium nanoparticle size. The data was modelled

using the unified equation ''* with the Irena package '’ for Igor Pro (Wavemetrics,
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Oregon, USA). A unified fit was applied to the data resulting in a Guinier region at
low-q with a radius of gyration R, = 21.2 nm and a power-law region with a slope of
-3.55. 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 by R, =./3/5r where r is the particle radius, resulting in an overall average

particle size (diameter) of 55 nm. This is in agreement with the average particle size
obtained from TEM investigations. The slope of the power law region (-3.55) at
high-¢ is indicative of rough particle surfaces '*’ which is expected from a sample
that is synthesised by ball milling. Rough particle surfaces are also evidenced with

the TEM results in Figure 3-8.
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Figure 3-9: A typical energy dispersive x-ray spectroscopy (EDS) spectra from TEM
investigations of washed nanoparticles (Al _35tol_3hr_9.7) as given in Figure 3-8 showing a high
Al content, minor traces of Cl from residual LiCl, O from aluminium oxide due to sample air-
exposure, and TEM grid components Cu, C, and Si.

The surface area (including open and closed porosity) can be calculated for particles
with rough surfaces by using the method outlined in Section 2.3.4 according to
Beaucage '''. The unified fit to the SAXS data results in determination of parameters
relating to the aluminium nanoparticles: the Guinier prefactor (G; = 31000 cm™), the
radius of gyration (R; = 21.2 nm), the power-law prefactor (B, = 0.000294 cm'lAdS'6),

and the power-law exponent (P, = 3.55). The Porod invariant can be calculated as O
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= 0.0129 cm'A” by integrating according to Equation 2.19 by using the Maple
software package (Maplesoft, Ontario, Canada).
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Figure 3-10: Small angle x-ray scattering (SAXS) data from washed (LiCl removed) aluminium
nanoparticles (Al _35tol_3hr_9.7) which are shown in TEM micrographs in Figure 3-8. The
result of a unified fit to the data is also displayed.

Transmission measurements during SAXS can provide a measure of the bulk density
of the Al nanoparticle sample. Equation 2.7 relates the effective thickness of the
sample (solid portion thickness) to the measured x-ray transmission (z; = 0.241). If
the true density of aluminium (ppese = 2.7 g cm'3) is used in conjunction with its x-ray
mass attenuation coefficient (g = 50.33 cng'l) then the effective thickness can be
calculated as dy, = 0.01047 cm. The total sample thickness is known (d;,; = 0.1 cm)
due to the fact that it was packed within a capillary which means that the bulk

density can be calculated as follows (see Appendix D for equation formulation):

3

p aseds
Poup =52 o (3.6)

The bulk density is calculated as pp,x = 0.0031 g cm”. The surface area can then be

calculated using Equation 2.14 with ¢ = 0.00115, d; = 2.45, F(d;) = 1.905, § =
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0.00877 mdsg'l, r=4 A (for N,) providing a surface area of 149 m’g™". The calculated
surface area is much higher than those theoretically predicted (~ 22 m’g™") assuming
smooth non-contacting nanoparticles (see Section 1.4). The discrepancy is most
likely due to the rough surface structure of the nanoparticles that dramatically
increases the surface area. A high surface area is a beneficial characteristic for a
hydrogen storage material as it increases the reaction area for hydrogen, increasing
kinetics '*.

The Porod invariant (Q) also allows for the determination of the nanoparticle volume
(Viase) as 47,400 nm® by a manipulation of Equation 2.19. If the particles are

assumed to be spherical then the average particle size can be calculated as

d =23/3V,,. /47 =45 nm. There is a discrepancy between the average particle size

calculated from the Porod invariant (45 nm) and that which was extracted from the
Guinier regime (55 nm). The discrepancy is most likely due to the spherical
assumption used and because the particle sizes are calculated by different means
(volume and radius of gyration respectively) a difference is noted indicating that the
particles may have a slightly non-spherical shape. It is likely that the particles are
irregularly shaped due to aggregation that is seen in TEM investigations. However

both particle sizes are in line with those observed during TEM.

SAXS data was also collected for aluminium nanoparticles embedded in salt but the
data only contained surface scattering information (a single power-law over
measured g-space) most likely due to the abundance of surface scattering from salt

particles that masked the scattering information from the aluminium nanoparticles.

3.2.3 Buffer Variations

A LiCl buffer was utilised in the synthesis of Al because it is already a reaction by-
product in Equation 3.5. The LiCl by-product was found to be advantageous because
it can be removed with a solvent that does not adversely react with the Al
nanoparticle product. However in order to dissolve the LiCl by-product AICl; is
required to promote LiCl solubility in nitromethane. In an attempt to amalgamate the
synthesis with the washing procedure it was devised that an AICl; buffer would be

advantageous in the reaction as it is already required for washing the LiCl by-
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product. Unfortunately the reaction between Li and AlCI; with excess AlCI; buffer

undergoes a secondary reaction and proceeds as follows:
3Li+4AICl, —— Al +3LiAICI, A, G,oe =—633 kJ/mol (3.7)

Reaction 3.7 was undertaken with a 3:4 Li:AlCl; molar ratio by room temperature
ball milling for 8 hours with a 15:1 ball to powder ratio (equal mass of 12.7 mm and
7.938 mm balls) in order to generate a 1 g Al yield. The reaction products were
analysed using XRD as shown in Figure 3-11. It can be seen that the reaction
progressed according to Reaction 3.7 forming a LiAICl4 reaction by-product. Some
LiCl is also present that is most likely an intermediate reaction product. AlCls is not
present in the XRD pattern as it often undergoes significant crystalline deformation

during milling.
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Figure 3-11: X-Ray Diffraction (XRD) pattern (D500) for a mechanochemically synthesised
sample using an AICI; buffer. Milling conditions are as described in the text.

In order to investigate the progress of Reaction 3.7 the reaction between LiCl (the
reaction by-product of Li and AlCI3) and AICI; (which is in excess) was undertaken

as follows:
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AICI, + LiCl—— LiAICI, A Gy, =—37 kl/mol (3.8)

A comparison between the Gibbs free energy change in reactions 3.5 and 3.8 (-522
kJ/mol and -37 kJ/mol respectively) reveals that in a reaction between Li and excess
AICl; the initial reaction product will be Al and LiCl (given the high Gibbs free
energy change). However over time Reaction 3.8 will also proceed (even though it
has a very low Gibbs energy change) reacting the synthesised LiCl with the excess
AICl; forming LiAICl,.

XRD was used to analyse the reaction products of Reaction 3.8 undertaken by room
temperature ball milling for 8 hours with a 30:1 ball to powder ratio (equal mass of
12.7 mm and 7.938 mm balls) to synthesise a 5 g LiAICl4 yield as shown in Figure
3-12. A significant fraction of LiAlCly has been synthesised after milling is

complete, and some initial reagents remain.
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Figure 3-12: X-Ray Diffraction (XRD) pattern (D500) for mechanochemically synthesised
LiAICl, synthesised according to Reaction 3.8. Milling conditions are as described in the text.

LiAICls production during aluminium mechanochemical synthesis is unwanted
because it has been found to dissolve inconsistently in solution ®. It has also been

shown to crystallise out of solution when LiCl and AICI; are dissolved in toluene
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with a high LiCl content ®. If an alternate solvent was found that dissolved high
quantities of LiAICl4 then the reaction pathway given by Reaction 3.7 could be

utilised in Al nanoparticle synthesis.

3.2.4 Titanium-Doped Aluminium

The chemisorption of hydrogen into aluminium is only possible at extreme pressures
(< 2.5 GPa *°) and moderate temperatures. However extrapolations from
experimental data reveal that at 77 K much lower hydrogen equilibrium pressures are

%9 or 1 kbar ?). Theoretical calculations have shown that Al

expected (50 bar
surfaces do not dissociatively chemisorb molecular hydrogen under normal
conditions '® because Al has a low affinity for hydrogen due to a relatively large
activation barrier '*. In addition, the kinetics of hydrogen absorption are very slow at
low temperatures due to the low probability of atomic collisions. Al-Ti complexes
have been studied in relation to catalytic hydrogen absorption into NaAlH, showing

that certain Al-Ti configurations allow for barrierless H, dissociation '®' making

them promising for low temperature hydrogen absorption.

The formation of an ALsTi phase is supported by Al-Ti phase diagrams '®* however
many intermediate intermetallics are also possible including titanium rich Al-Ti
compounds that absorb hydrogen at modest pressures (50 bar) at room temperature

13 Although ALiTi has been reported not to absorb hydrogen under normal

conditions '*

it has been suggested that a AlsTi phase (or a localised surface Al-Ti
phase) could be extremely important in synthesising AlH; due to Ti driving
chemisorption of H,, resulting in significant bonding interactions with Al '®. The

1'% at

absorption of hydrogen into pure Al;Ti was attempted by Semenenko et a
pressures up to 1800 atm and temperatures to 500°C with no success. Although no
hydrogen absorption was detected it is difficult to determine if this was due to poor
sample composition or even oxide contamination because no sample details were

provided therein.

Aluminium nanoparticles were synthesised mechanochemically with titanium doping

according to the following reaction:

AICL, +0.05TiCl, +3.15Li——>0.85A1+ 0.05A1,Ti+ 3.15LiCl

(3.9)
A Gy = —553 kJ/mol
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Reaction 3.9 was undertaken in two steps. Firstly AlCl; and 5 mol % TiCl; were pre-
milled at room temperature for 3 hours with a 35:1 ball to powder ratio (B:P) (equal
number of 12.7 mm & 7.938 mm balls) in order to achieve a homogeneous
AICl3/TiCl; mixture. A uniform mixture is important so that when Reaction 3.9 is
undertaken to completion the synthesised aluminium nanoparticles will contain
similar proportions of the Al;Ti phase that may act as a catalyst for hydrogen
absorption. The reaction product was a bright pink colour resulting from the violet
colour of pure TiCls. Secondly the AlICls/TiCl; mixture was milled with Li metal at
room temperature for 12 hours with a 35:1 B:P (equal number of 12.7 mm & 7.938
mm balls) to complete the mechanochemical reaction forming alloyed (Al + Al;T1)
nanoparticles embedded within a LiCl salt matrix. A LiCl buffer was also added to
the initial reagents (9.02:1 LiCl:metal product volume ratio) in order to promote
nanoparticle formation. The reaction products can be verified from the XRD pattern

given in Figure 3-13.
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Figure 3-13: X-ray diffraction (XRD) pattern (D500) of the product of Reaction 3.9 that was
mechanochemically synthesised at room temperature as described in the text. Pattern fitting
was achieved using the Rietveld method in the Topas software package by using a fundamental
parameters approach. Mylar peaks are present due to the film used to prevent O, & H,O
exposure during data collection.
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3.2.5 Nickel-Coated Aluminium

Nickel-coated aluminium nanoparticles were synthesised as they could provide a
pathway for hydrogen dissociation (H, — 2H™™). This is because hydrogen is known
to dissociate rapidly on nickel due to the very high sticking probability and
barrierless dissociation for hydrogen »°, whereas dissociation on aluminium is
negligible at 300 K ' Nickel doped magnesium has been hydrogenated in the past
17 demonstrating a reduction in the energy barrier for hydrogen dissociation as well
as good catalytic properties allowing hydrogen diffusion into magnesium (whereas

titanium doped samples did not have good catalytic properties).

%8 and then

Aluminium nanoparticles have been chemically synthesised previously '
coated with transition metals (Pd, Ag, Au, or Ni) in order to reduce the formation of
aluminium oxide. However these transition metals do not have any significant impact
on the growth of aluminium oxide in air '°*. Nickel-coated aluminium has even been
suggested as a promising solid propulsion source for use on Mars due to its

combustion properties in a range of gas environments including O, & CO, '®.

The coating technique '°®

involves suspending the aluminium nanoparticles in
solution (i.e. dimethoxyethane) and mixing them with a solution of a non-aqueous
soluble compound of the transition metal in question (i.e. nickel (II) acetylacetonate).
The mixture is stirred and is then washed of any excess material, providing transition

metal coated aluminium nanoparticles.

Aluminium nanoparticles were prepared with the mechanochemical synthesis
method given by Reaction 3.5. Mechanochemical synthesis was undertaken at room
temperature akin to sample Al 35tol 3hr 9.7 in Section 3.2.1. In order to nickel
coat 0.5 g of pure aluminium nanoparticles 3.86 g of milled sample (13 % Al, 87 %
LiCl) was first washed three times to remove any LiCl (twice using nitromethane &
AICl; and finally using only nitromethane). The aluminium was not dried however
(which is the case in a standard washing procedure) in order to reduce the likelihood
of grain/particle growth. Instead the nitromethane was decanted and the aluminium

nanoparticles were mixed into a slurry with 20 ml of toluene.

0.099 g of nickel (II) acetylacetonate was added to 20 ml of toluene and magnetically

stirred for 1 hour for total dissolution, resulting in a light green solution. The nickel
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(IT) acetylacetonate solution was then added to the aluminium nanoparticle slurry and
magnetically stirred for 19.5 hours to ensure that nickel coating was complete. The
solution was then centrifuged for 4 hours resulting in a separated nanoparticle
product and a clear toluene solution, indicating that the nickel (II) acetylacetonate
was totally reacted. The toluene was then decanted and 30 ml of fresh toluene was
mixed with the nanoparticle product for a second wash to remove any excess
reagents. The mixture was then magnetically stirred for 68 hours and centrifuged for
2 hours at which point the mixture was separated. The toluene was then decanted and
the wet coated nanoparticles were placed under vacuum for 19 hours to remove any

final traces of toluene. This procedure resulted in nickel-coated aluminium

nanoparticles.
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Figure 3-14: X-ray diffraction (XRD) pattern (D8) of the resultant Ni-coated Al as described in
the text. Pattern fitting was achieved using the Rietveld method in the Topas software package
by using a fundamental parameters approach. Peaks are present due to the bubble holder used
to prevent O, & H,0 exposure during data collection.

XRD was performed on the as-synthesised Ni-coated Al product as shown in Figure
3-14. A small quantity of the AI-Ni powder was suspended in nitromethane and
dropped onto a silicon wafer using a pipette that was sealed using an XRD bubble

holder. Rietveld analysis resulted in a poor fit to the data set due to problems with the
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sample interaction volume on the low background holder. The Al phase is
predominant and no Ni phase could be identified akin to the XRD undertaken by
Foley et al. '® where only an Al phase could be identified. The unknown XRD peak
in Figure 3-14 could not be indexed to any known AI-Ni phase or any Ni-organic
structure, however it may be slight AICI; contamination from the LiCl washing
procedure. The absence of a Ni phase in XRD suggests that the Ni phase is in fact

non-crystalline.
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3.3 HYDROGEN SORPTION

3.3.1 Pure Al

Hydrogen absorption experiments were performed on mechanochemically
synthesised Al nanoparticle samples up to 100 bar at temperatures from 77 K - 623 K
with no measurable absorption over long periods of time (150 hrs). As a result of the
null result absorption, high pressure (up to 2 kbar) measurements were undertaken as

described below.

High pressure deuterium absorption measurements were attempted at Griffith
University (with the assistance of Jim Webb, Tomasz Blach, and Evan Gray) on two
different samples: Al nanoparticles embedded in NaCl (as described in Section 3.2),
and Al nanoparticles (Al 35tol 3hr 9.7 washed from LiCl). An overview of the
absorption conditions is provided in Table 3-5. Al in NaCl underwent pressures of
1560 bar at room temperature and at 473 K with no measurable deuterium
absorption. Al (washed) underwent pressures of 1917 bar at room temperature, 1958
bar at 423 K and up to 1875 bar at 77 K with no measurable deuterium absorption.
Purchased Al nanoparticles (10 — 22 nm) were also tested in Paskevicius et al. '"° up
to 1900 bar at 298 K with no measurable absorption. However these pressures are
still considered low compared to the 28 kbar at 573 K required for hydrogen

absorption into bulk aluminium *.

Table 3-5: Overview of deuterium absorption conditions for the three samples tested as
described in the text. No measurable absorption was observed for any samples at the conditions
indicated.

Sample Average particle  Deuterium absorption conditions
size (nm)
Pressure (bar) Temperature (K)
Al in NaCl 40 -50 1560 298
1560 473
Al (washed) 55 1875 77
1917 298
1958 423
Al (purchased) '”° 10 — 22 1900 298

As the attempts to hydride Al nanoparticles below 2 kbar were unsuccessful, it is

clear that no significant change in the thermodynamic properties compared to the
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bulk occurs, for 40 — 55 nm Al, assuming that other factors are favourable for
hydrogen absorption at the temperatures studied. Both the absorption kinetics and
hydrogen dissociation ability will be hindered at low temperatures, especially 77 K,
which could mean that low temperature hydrogen absorption into pure aluminium is
extremely slow and near undetectable under normal conditions. Recent theoretical
investigations indicate that hydrogen absorption into bulk aluminium may be
thermodynamically favourable at low temperatures where low equilibrium pressures
are predicted (7 kbar at 300 K '”! and 50 bar at 77 K ). It should be noted that the
predicted 50 bar equilibrium pressure °° assumes that AH and AS are temperature
independent which is a dubious assumption over a temperature range of 77 — 1000 K.
If we assume that the predicted pressure of 50 bar is correct and compare it to the
experimental hydrogen absorption attempt in the current work (1875 bar at 77 K)
then an extreme kinetic barrier must be present given the significant overpressure

produced experimentally.

3.3.2 Doped Al

Low pressure hydrogen absorption measurements were performed on both a 2 g
titanium doped Al sample (synthesised according to Section 3.2.4) and a 0.3 g
nickel-coated Al sample (synthesised according to Section 3.2.5). The samples were
first evacuated for 24 hrs at room temperature in order to remove any adsorbed
argon. The samples were then kept under a hydrogen pressure of 108 bar at both
room temperature (RT) and at 77 K for 24 hours each. No measurable drop in
hydrogen pressure was detectable at either temperature and XRD results showed no
change in the crystal structure of the Al after hydrogenation was attempted, as shown
in Figures 3-15 and 3-16. The null result suggests that the hydrogen equilibrium
pressure of the Al nanoparticles is above 108 bar at 77 K and at RT. It may also be
possible that the equilibrium pressure is actual below 108 bar at 77 K but the nickel
and Al;Ti is not able to efficiently dissociate the hydrogen at these temperatures
and/or the reaction is hindered by very slow kinetics. However, given the similar null
result in hydriding pure Al at even higher pressures (in Section 3.3.1) it is likely that

the equilibrium pressure for the Al nanoparticles is much greater than 108 bar.
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Figure 3-15: X-ray diffraction (XRD) pattern (D8) of Ti-doped Al after hydrogenation at 77 K.
Pattern fitting was achieved using the Rietveld method in the Topas software package by using a
fundamental parameters approach.
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Figure 3-16: X-ray diffraction (XRD) pattern (D8) of Ni-coated Al after hydrogenation at 77 K.
Pattern fitting was achieved using the Rietveld method in the Topas software package by using a
fundamental parameters approach.
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3.4 CONCLUSIONS

Aluminium nanoparticles were mechanochemically synthesised by a number of
different reaction pathways. Sodium or lithium metal were reacted with aluminium
chloride during milling with different quantities of salt buffer to examine the
resultant aluminium particles. Aluminium with particle sizes 40 — 55 nm (and
crystallite sizes > 18 nm) were synthesised. The relatively large sizes are likely due
to the large particle size of the initial starting reagents (Na or Li). The salt by-product
phase was removed using a washing process with a nitromethane/AlCl; solution
resulting in 55 nm Al particles (single crystals) that did not display any crystalline

oxide phases.

High pressure hydrogen absorption experiments were undertaken up to 2 kbar at
temperatures from 77 — 473 K to examine if there were any major thermodynamic
changes to the Al. No hydrogen absorption could be detected and either higher

pressure or smaller Al is required to form AlH;3 under these conditions.

Ni-coated and Ti-doped Al nanoparticles were also synthesised in order to verify if
catalytic metals could enhance hydriding kinetics. Kinetics are vital in low
temperature hydrogen sorption where hydrogen equilibrium pressures have been
predicted to be much lower (50 bar — 1 kbar). However no hydrogen absorption was
detected in these doped samples at room temperature or at 77 K under hydrogen

pressures up to 108 bar.
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3.5 DIRECTIONS FOR FUTURE WORK

Pure Al nanoparticles must be synthesised < 10 nm in order to cause
significant thermodynamic destabilisation of Al, reducing the hydrogen
equilibrium pressure to modest levels. Al nanoparticles < 10 nm could be

formed mechanochemically by using very large quantities of reaction buffer.

In order to absorb hydrogen into aluminium at modest pressures, low
temperatures (~77 K) must be considered in detail. The thermodynamics for
alane formation dictate that lower pressures are required at lower
temperatures. Kinetics are hindered at low temperatures but they may be

overcome by implementing dopants/catalysts.

A method must be utilised to investigate any amorphous aluminium oxide
layers that may form during washing with nitromethane. Many methods may
be able to detect amorphous aluminium oxide layers without sample air
exposure such as reflectometry, Fourier transform infrared (FTIR), Inelastic
neutron scattering (INS), or x-ray photoelectron spectroscopy (XPS). Internal
standards during XRD analysis could also be used to determine an amorphous
content albeit without identifying the amorphous phase. Another solvent must
be used for washing (such as THF) if amorphous oxides are found to be

formed.

Ti-doped and Ni-coated Al nanoparticles should be investigated under high
hydrogen pressure (~2 kbar) at a range of temperatures (including 77 K) to
determine the effectiveness of their catalytic properties. Other dopants may
also be investigated such as Pd or Pt which could allow for hydrogen

dissociation at low temperatures.
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CHAPTER 4

ALUMINIUM HYDRIDE NANOPARTICLES

“A physicist is an atom's way of knowing about atoms” - George Wald
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4.1 BACKGROUND

Aluminium hydride is a metal hydride also known as alane or AlHj; that has seven
known crystalline structural phases (a, o', 5, 7, 9, &, {). It was first discovered by O.
Stecher and E. Wiberg in 1939 '*° and has been described '’ as a covalently bonded,
metastable solid at room temperature. AIH; has a high 10.1 wt.% gravimetric H
capacity and a-alane has a volumetric capacity of 0.148 kg Ho/L '”. Despite its
usefulness in a number of industries, alane has not become widely available
primarily due to difficulties in large-scale wet chemical synthesis '*. Alane has
potential applications in the fields of hydrogen storage, chemical -catalysis,

explosives, propellants and pyrotechnics.

4.1.1 Synthesis

Alane has been synthesised by a range of different methods that range in
experimental difficulty which are outlined in the following sections. Aluminium does
not readily absorb hydrogen to form AlHj3, only under extreme hydrogen pressure.
Hydrogen also has a low solubility in aluminium metal which is a function of the
interstitial lattice sites, dislocations and vacancies present '>°. Alane synthesis is most

often synthesised chemically in the literature.

4.1.1.1 Elemental Synthesis

Alane (AlH;) readily decomposes to the elements upon heating and it has been
shown that the synthesis of a-alane from the elements is also possible under high

pressures (> 20 kbar) between 150 — 300°C as follows *>'7:

Al+%H2 <« «a-AlH, A.Gge = +46.517 kJ/mol (4.1)
The discrepancy between the formation temperatures reported in the literature *>'7
is likely a result of oxide coated Al/AlH; particles causing a shift from the actual
equilibrium conditions. It has been suggested '’® that for the synthesis of alane to be
possible an oxide free surface and the presence of some nuclei of the hexagonal
aluminium hydride phase may also be required. Hydrogen absorption below 20 kbar

has not been achieved ' despite theoretical predictions that lower equilibrium
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pressures exist below 150°C. It is likely that kinetic barriers restrict absorption

within reasonable time periods.

It has been noted * that the hydrogen equilibrium pressure can be determined from
the AlH; decomposition process. The plateau pressure is a function of the free energy
of formation of aluminium hydride and it indicates the minimum pressure of gaseous
hydrogen required for its synthesis . It is also noted * that the formation pressure
could be higher than the decomposition pressure due to the well known hysteresis in
metal hydrides. A volume increase of 90% occurs when a-AlHj3 is synthesised from
Al supporting the possibility of a substantial hysteresis effect. However calculating
the equilibrium conditions from the decomposition plateau can be risky due to the
very slow kinetics that can exist causing misleading plateau pressures at any given

temperature.

It has been suggested '’ that the synthesis of alane is possible under much milder
conditions (34.2 MPa at 65°C) given that the aluminium is in the form of
nanoparticles (~100 nm). However these results have not been published in peer-
reviewed literature to date and the low hydriding pressure and temperature have not
been experimentally duplicated herein or elsewhere. Low hydrogenation pressures
are reported from certain theoretical calculations (i.e. ~50 bar at 77 K) in the
literature in relation to bulk aluminium " 9, however these calculations were

undertaken assuming the enthalpy and entropy of AlH; formation do not change over

a significant temperature range, which is a dubious assumption.

Recent theoretical predictions given in Section 1.4.2 by Kim er al. ** suggest a
moderate increase in the enthalpy of Reaction 4.1 for alane nanoparticles < 10 nm.
The enthalpy change would result in stabilisation of AIH; which would reduce
hydrogen equilibrium pressures at any given temperature. The relationship between
AlHj; particle size and the hydrogen equilibrium pressure has not been investigated to

date in the literature.

4.1.1.2 Hydrogen Ion Bombardment Synthesis

Aluminium hydride has been produced by bombarding an ultrapure aluminium target
specimen with 12.5 MeV deuterons '’®. This radiation is much more intense than the

1 keV hydrogen ions that have been used to form hydrogen bubbles in aluminium .
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By applying high energy ions, hydrogen (deuterium) to aluminium ratios were
computed to be 4.6 at.% instead of several parts per million in the case of lower
energy bombardment. X-ray diffraction was performed on the irradiated aluminium
78 and a diffraction pattern similar to that obtained by chemical means '" was
reproduced. The XRD patterns appear to show multiple alane phases present

180
. However the

(possibly a, f and y) when compared to more recent patterns
patterns are roughly assigned to the y-AlH;3 phase by Turley & Rinn despite the poor
quality of the data '*'. Alane (most probably y-AlH3) has also been identified in the

plasma hydrogenation of thin aluminium films '®.

4.1.1.3 Atomic Hydrogen Reaction Synthesis

Atomic hydrogen can undergo a reaction between aluminium when it is evaporated
or present as a film '®. The reaction can form an aluminium hydride phase which has
H/AI ratios of 0.1 to 1.02. The ratio suggests a product of aluminium atoms and a

hydride AIH, which had an x value greater than unity (probably 3) '*.

4.1.1.4 Wet Chemical Synthesis

All seven of alane’s structural phases (a, o', £, y, 9, €, {) as well as AIH; etherate can
be synthesised chemically '**. The most stable phase is reported as a-AlH; which can
be prepared from other solid metastable phases or by crystallising directly from

180

solution . The alane synthesis reaction was first provided in 1947 ' but is more

accurately given as '>:
AICI, +3LiAIH, +n[(C,H;),0]——>4AlH, ¢1.2[(C,H, ),0]+3LiCl (4.2)

This ethereal reaction is the basis for synthesising all of the structural phases of
alane. The reaction between sodium alanate (NaAlHs) with aluminium chloride
(AICl5) to form AlH; and sodium chloride (NaCl) has also been undertaken in the
past '*®. The ether could not originally be removed '** because the diethyl etherate
AlH30.3[(C,H;5),0] crystallises out of solution shortly after preparation. However it
was found "™ that in the presence of excess LiAlH, (and optionally LiBH,) the ether
can be removed. Borohydride salts (LiBH,4) are expensive, their by-products require
special disposal, and they are not recovered in the reaction. Because of this, a method

was provided "*" in order to synthesise a-AlH; without the use of borohydride salts.
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Different alane phases can be synthesised under various temperature, pressure and
reaction conditions during the ether removal '®. The synthesis has been described '

to be extremely sensitive to the given desolvating conditions.

The resultant alane that forms directly from the reaction solution has a particle size

188

from 10 - 50 microns or larger . The morphology of a-alane is cubic or

rhombohedral, while a'-alane forms needle-like crystals and y-alane forms a bundle

187

of fused needles °'. It should be noted that the chemical synthesis of alane must be

performed under an inert atmosphere to avoid contamination from the oxygen '** and

. 1
moisture 87

content of the air. It has been noted '* that freshly prepared, non-
passivated AlH; is pyrophoric and reacts violently in water and as such must be

treated with caution.

Wet chemical synthesis of ~200 nm (size not directly measured) particles of a-AlH;

% using a refined procedure. Graetz &

has also been performed by Graetz & Reilly '
Reilly state that the f-phase can instead be obtained if the final heating time given
above is only 45 min instead of 3 h. The y-phase can also be obtained using a similar

method as given above but with different molar ratios ',

An alternative wet chemical AIH; synthesis technique has been suggested involving

ionic liquids "° which act as aluminium and hydrogen donors allowing alane to form

in ionic liquid reactions.

4.1.1.5 Mechanochemical Synthesis

The mechanochemical synthesis procedure has been applied in the synthesis of
deuterated alane (AID;) nanoparticles recently ©’. By using the mechanochemical
synthesis process, particle refinement and a reduction in diffusion distances act to
increase reaction kinetics and reduce the required reaction temperature significantly
65 This allows for the alane synthesis reaction given by Reaction 4.2 to occur

without the presence of diethyl ether as follows °’:

AICL, +3LiAIH, — > 4AIH, +3LiCl 4G,y = —191kJ/mol (4.3)

The reaction progresses both at room temperature and at 77 K due to the relatively

high change in Gibbs free energies. Brinks et al. ®’ surmised that room temperature
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synthesis was inefficient at synthesising AlH3 due to the low alane yields and high Al
content. Aluminium forms due to the high milling energy at room temperature which

allows for AlH3 to decompose to Al and H, as follows:
AlH, —>Al+%H2 A.Gyog = —46.5 kJ/mol (4.4)

The cryogenic mechanochemical method results in high AlH; yields with a LiCl salt
by-product. As a result, cryogenic milling is the preferred synthesis method in

synthesising AlH; because low temperatures restrict alane decomposition.

Knott developed '*! a wet mechanochemical method of synthesising AIHj; in solution

(1,4-dioxane) as follows:
2AICI, +3MgH, —— 2AIH, +3MgCl, 4. Gy = —161kJ/mol (4.5)

The AlIHj; reaction product after milling is in a dissolved form in 1,4-dioxane and is
separated from the MgCl, by-product by filtration or centrifugation. If the solution is

milled for too long AlHj3 is noted to decompose according to Reaction 4.4.

19

Recently Sartori er al. "> performed mechanochemical synthesis of alane by a

number of other chemical pathways. The following reactions all resulted in a and o'-

alane formation in different ratios '°%:

3LiAID, + AICL, + nFeF, (4.6)

where small quantities of FeF; was used to promote o'-alane formation,

3NaAlH, + AICI, (4.7)

which is the sodium analogue of Reaction 4.3, and

3LiAID, + AlBr, (4.8)

Additional reactions were also attempted '*> with no crystalline alane detected:

Naz;AlHg + AICl3, 3LiAID4 + TiCls, and 3LiH + AICl;.
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4.1.1.6 Supercritical Synthesis

Supercritical fluids have been used in the past to enable hydrogenation of depleted
metal hydride compounds at lowered pressure and temperature conditions '>. A

% revealed that 0.5 wt.% H, introduction into aluminium metal

preliminary study '
was possible through supercritical CO, techniques, forming a partial AIH3 phase.
However it has been noted '** that supercritical CO, is not a particularly good solvent
as many other fluids have higher solubility properties. These alternative supercritical

fluids allow for improved AlHj yields 196,

4.1.1.7 Electrochemical Synthesis

Alane has been reported to be synthesised using an electrochemical charging

. 1
technique '’

diethyl ether). A hollow Pd/Ag electrode is filled with dehydrided AlH; (i.e. Al) that

that is undertaken in a non-aqueous medium (i.e. in tetrahydrofuran or

acts as an anode forming part of an electrochemical cell using a solution containing
either dissolved LiAlHs, NaAlHs, KAIHs, or AICL; 7. The synthesis method is

reported to be very slow at present, requiring 450 hr to form 1 g of AlH; '*7.

4.1.1.8 Synthesis of Solvates or Complexes

Aluminium has been hydrided using H, gas pressure when titanium doped Al is
present in a tetrahydrofuran (THF) or diethyl ether solution, which acts as an electron
donor, stabilising AIH; with an organic adduct '*®*. Hence the AlHj is not synthesised
in its pure form but is stabilised by an adduct, however in some cases this adduct can
then be removed with heating resulting in pure AIH; '**. A range of alane complexes,
or adducts, are reported to form under much milder synthesis conditions including

AlH;.C¢H 52N>, AlH;.Et,0, AIH;. TEDA, AlH3.N(C,Hs)s, AIH;.nTHF 7.

4.1.2 Properties

Alane can be synthesised by a number of means resulting in samples that behave
differently during decomposition. Alane powder which was chemically synthesised
'%0 by the Dow Chemical Company is reported '*° to consist of 50 — 100 pm cuboids
that are light grey in colour. It should be noted that the Dow synthesised material

4,131,173,199-203

used by an array of journal authors consisted of large micrometer sized
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particles and it was allowed to be handled extensively in open air leading to oxygen

contamination by the creation of a heavy aluminium oxide layer (Al,O3).

4.1.2.1 Phases

Alane has been described to exist with both ionic and covalent characteristics 2**. It

has sometimes been explained by its polymeric characteristics as (AlHs),, where a
single alane molecule has the symmetry given by the point group D, ***. There are

seven (a, o', B, v, 9, &, {) known structural phases of alane 180

. Diffraction patterns for
all of the phases have been obtained although indexing of the patterns has only been
performed on some of the phases (a, o, 8, y) ¢"'*2%2% Ag such, the crystal
structures of three alane phases are not yet known. No structural phase changes have
been evidenced in a-alane even when it has been loaded under very high
compressive forces up to 35 GPa '*. However it was found that y-AlH; irreversibly

transitions to a-AlH;z at ~ 12 GPa 207,

The crystallisation of the alane phases has been observed by polarising-light

8 / 180

microscopy ', which has led to a description of the crystal shapes. Brower ef a
determined that during bulk synthesis the a-phase forms crystals with hexagonal or
cubic silhouettes, the y-phase appears as bundles of fused needles, the o'-phase
appears as small multiple needles growing from single points to form fuzzy balls,

and the etherated phase precipitates as translucent spheres.

Crystal structure information is provided in Table 4-1 which illustrates the significant
volume expansion required upon aluminium hydrogenation. The densities of the
known AlHj; phases are much lower than for aluminium, especially in the case of S-
AlHj;. Consequently the crystalline volume expansion required to form AIH; from Al
and H; is very large (> 79.9%). The large crystalline volume expansion is likely a
main factor in the necessity for the extreme hydrogen pressures required to form
AlHs. As such, only the highest density a-AlHj3 phase has been formed in the past by
applying hydrogen pressure (as described in Section 4.1.1.1).

Table 4-1: Alane phase information from solved crystal structures '*2'52% The volume
expansion in comparison to Al is provided.

Al OC-AIH3 OC'-AlH3 ﬂ-AlH:; y-Ang,
Crystal Structure Cubic Trigonal Orthorhombic  Cubic Orthorhombic
Fm-3m R-3c Cmcem Fd3m Pnnm
Density (g/cm’) 2.70 1.49 1.27 0.71 1.31
Volume expansion - 79.9% 111.0% 277.5% 104.6%
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4.1.2.2 Thermodynamics

The thermodynamics of formation for AIH; from the elements (see Reaction 4.1) has
been studied theoretically and experimentally in the literature. Thermodynamic data
is presented in Table 4-2 illustrating that some variability in the enthalpy data exists.
However, all of the data suggests that the formation enthalpy of AlH; is weakly

negative leading to a strongly positive change in Gibbs free energy.

Table 4-2: Alane thermodynamic formation data summary.

Phase AH o5k Technique Reference AG o5k
(kJ/mol AlH3) (kJ/mol H,)
o-AlH; -11.4=+0.8 Calorimetry  Sinke et al. ™' 46.5
o-AlH; - Eq. Pressure  Baranowski & Tkacz*  30.2
a-AlH; -6.95 Theoretical Wolverton et al. *® 49.8
o-AlH;  -12.35 Theoretical ~ Ke et al. ** 44.8
a-AlH; 9.9+ 0.6 DSC Graetz & Reilly ' 48.5
p-AlH; -8.0+1.0 DSC Graetz & Reilly ' 50.5
y-AlH;  -7.1+1.0 DSC Graetz & Reilly ' 51.4

Calorimetry was performed during the decomposition of alane (AlH3) in order to
determine the alane formation enthalpy. In order to do this it was assumed that the
magnitude of the decomposition enthalpy is equivalent to the formation enthalpy

with the only difference being a sign change '™

The differential scanning
calorimetry (DSC) results '’ are especially interesting for the a, £ and y-phases of
alane because ex-situ XRD was performed at significant intervals during alane
decomposition. The XRD demonstrated a phase change for both f-AlH; and y-AlH;
into a-AlH3 occurred before decomposition to the elements (see Section 4.1.3.2 for

more information).

The thermodynamic data in Table 4-2 indicates that aluminium hydride is unstable
with respect to the formation of its elements under normal conditions of temperature
and pressure *. This means that alane should naturally decompose to yield aluminium
and hydrogen gas 2'°. It is however kinetically stabilised, primarily by oxide layers,
which prevent hydrogen release. The thermodynamic properties for bulk alane are
presented in Section 1.3.2, which are an extrapolation from experimental data. The
thermodynamic properties allow for hydrogen equilibrium pressures to be calculated

as presented in Figure 1-8.
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It is possible to alter the thermodynamic properties to some degree by forming
nanoparticles of alane and/or aluminium as discussed in Section 1.4.2. Slight
variations in the thermodynamic properties of AIH; formation may have a significant
impact on the hydrogen equilibrium pressure. This is due to the low magnitude of the
formation reaction enthalpy (see Table 4-2) that could be altered by a significant

percentage.

4.1.2.3 Pressure Relationships

The availability of experimental data regarding hydrogen equilibrium pressures for
AlH; is limited due to the experimental difficulty of these high pressure
measurements. The equilibrium pressure for alane has been experimentally shown *
to be 7 - 10 kbar at 140 - 150°C for AlH; desorption and 28 kbar at 300°C for
absorption. Other results in the literature are in line with these measurements where
equilibrium pressures of 25 kbar at 120°C ° and 20 kbar at 150°C '” have been
determined. Despite the very high equilibrium pressures, bulk AlHj3 is stable at room
temperature because of surface oxide layers which acts as a kinetic barriers to

decomposition '®. More information is provided in Section 4.1.1.1.

Hydrogen equilibrium pressures for AlH; can be calculated from published
thermodynamic data. However it is of vital importance to use fugacity to represent
the chemical potential of the system rather than pressure as discussed in Section
1.3.2. Mistakes have been made in the literature where a hydrogen pressure of 500
kbar has been calculated for AIH; at 25°C '"*?!! which is in fact the fugacity, not the

212
L.

pressure. The same mistake has also been made by Claudy ef a where a pressure

of 100 kbar is reported, which is actually the fugacity.

4.1.2.4 Safety Concerns

Concerns have been made '

over the need for detailed safety studies on alane
before its use as a hydrogen storage medium in commercial vehicles. The concerns
are justified, especially due to the fact that alane is used as an additive to solid rocket
fuel ', where its ignition temperature has been determined as 1450 K *".
Pyrophoricity is a major concern, especially when dealing with doped alane, even
though undoped ~300 nm alane particles were not pyrophoric before or after

decomposition '”. Graetz & Reilly ' do however note that freshly prepared, non-
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passivated alane (~150 - 200 nm) is pyrophoric and reacts violently with water and
as such must be treated with caution. Concerns have also been raised over the

sensitivity of AIH; to friction *"°.

213

The combustion of AlH; has been investigated at 1500 K where a two-step

reaction is proposed to occur as follows:

A1H3—>A1+%H2(g) 4G = —46.5 kl/mol

(4.9)
Al+%02 ——>%Al203 4G = —791kI/mol

The dehydrogenation reaction was found to take place on a time scale of 100 us at
1500 K which is faster than the ignition and combustion of the AlHj; particles.
However at milder temperatures it is possible that other, more exothermic reaction

pathways could proceed as follows:

2AIH, +30,(g)——>ALO, +3H,0(g) 4G, = —2361kI/mol  (4.10)

2AIH, +3H,0(g) ——>ALO, +6H,(g)  4,Gpx = —990 kI/mol (4.11)

Care must be taken when handling AlH3 especially when it is in the form of a fine
powder. Further safety studies must be undertaken prior to implementation of AlH3
(or any other fine metal hydride) as a fuel tank for vehicles. Engineering solutions

may be able to significantly minimise the risks in storing hydrogen in this manner.

4.1.3 Decomposition

Early studies '* identified seven non-solvated AlH; polymorphs but until recently

4,131,173,199-203

subsequent studies were all based upon a-alane samples obtained from

the Dow Chemical Company. The Dow alane samples consisted of large cuboids (50
— 100 pm) that had a thick oxide coating creating a high activation barrier and slow

desorption kinetics. These problems are not observed in freshly synthesised a-alane

%5 The aluminium oxide (Al,O3) surface barrier can be disrupted by adding dopants

20.

during ball milling thereby enhancing the desorption kinetics *”. Similarly the

desorption kinetics can be improved by particle size reduction e.g. by ball milling ™.

199
d

Exposure to UV light has also been foun to induce the decomposition of alane. It
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has been found ' that it is not necessary to ball mill freshly prepared alane or add
dopants/catalysts in order to obtain adequate desorption rates at low temperatures (<

100°C) due to their lack of a significant oxide layer.

Results in the literature are contradictory in relation to changes in particle structure

. ' that there was no

upon AlH; decomposition. It was found by Sandrock et a
significant decrepitation from the decomposition of AlHj3 to Al and H, contrary to
findings by Herley ef al. and also Ismail & Hawkins '***'°. It has been noted *' that
a theoretical density increase (1.486 to 2.71 g/cm’) occurs when a-alane completely
desorbs to form aluminium cuboids. During the desorption process the crystal size
and structure will change from hexagonal a-alane (lattice parameters: a = 4.449 A
and ¢ = 11.804 A ") to face centred cubic (FCC) aluminium (a = 4.0496 A *'*); this

change in density has since been verified to occur during the total decomposition of

21
a-alane '°.

4.1.3.1 Kinetics of Decomposition

There are a number of different parameters that influence the kinetics of the AlH;
decomposition reaction, such as: grain boundaries, defects, surface area, nucleation
sites, and thermal conductivity '®. The decomposition kinetics have been found to be
only slightly affected by the introduction of mild back pressures (~3 bar) 2. It has
been noted '** that generally a single mechanism will dominate the decomposition
reaction as a rate-limiting step which can be determined from isothermal

decomposition experiments.

4.1.3.2 Effect of Phases

The effect of different alane phases on the decomposition reaction has been studied
using DSC '"%. The decomposition of alane (AlH;) is represented by an exothermal
trough in each DSC plot. The DSC plot for a-AlH; only has one exothermal trough
representative of this decomposition, but the DSC plots for both the § and y-phase
contain an endothermal peak prior to decomposition. It can be seen from XRD data
172 that these endothermal peaks are representative of the deterioration of the f and y-
phases that form the more stable a-phase prior to decomposition into aluminium and
hydrogen gas. The phase transformations can create confusion (i.e. Graetz & Reilly

'83) if an Arrhenius plot is generated, describing decomposition rates at various
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temperatures. This is because the decomposition of f and y-alane behaves in a non-
linear fashion as the phase change and decomposition reaction are not noticeably

separable.

It was found '™ that Dow synthesised a-AIH; decomposed between 0.5 — 2% at 60°C
after 6 days. More notable was the finding that the metastable phases (f & )
decomposed to the elements at rates 3 - 10 times faster than a-AlH; at 60°C 180 The
increased rates of decomposition for non-a-alane have also been verified for freshly

prepared alane *'!

. The kinetics for f & y-AlH; are affected by the phase transition to
the a-phase (especially at 77> 100°C) which complicates their analysis, but it has
been determined that some fraction of the f & y-polymorphs decompose directly to

211

Al + H, at low temperature ~ . This direct decomposition of the f & y-phases is

faster than the a-phase due to the total formation enthalpy being lower *'' as shown

in Table 4-2.

4.1.3.3 Effect of Particle Size Reduction

The effect of particle size reduction on the temperature required for desorption has
been studied previously . This study still however concentrates on bulk AlH; but
from this research it is clear that a reduction in particle size increases the rate of
alane decomposition. There is a concern over the measures taken to minimise sample
oxidation in these experiments. It appears that measures were not taken as smaller
particles have a lower total percentage of hydrogen desorption indicating that they
have higher levels of oxide content due to their higher surface areas. The oxide layer
can be reduced by not allowing the alane to be exposed to air or moisture, and it is
expected that the rate of decomposition might be faster for alane without an
oxide/passivated surface layer. It should also be noted that the particle size values
given by Sandrock et. al. '™ are very approximate as there is high polydispersity
present in the samples. For these samples the isothermal desorption curve displays
two segments which undergo different desorption rates. This behaviour can be

explained by incomplete grinding of the AlH; particles '”.

Brower et al. '* determined that thermal stability increases with increasing crystal
size and perfection, which leads to the conclusion that particles of smaller sizes may

decompose quicker or at lower temperatures. The effect of particle size on the

118



thermal stability of alane is a product of solid-phase reaction kinetics *'> which was
determined by NMR measurements at 380 K for a variety of AIH3 samples of altered
particle sizes. The fact that particle size is related to the kinetics indicates that the

.. . . 21
decomposition reaction occurs at the AIH; grain surface *'°.

4.1.3.4 Effect of Doping

An array of dopants have been ball milled with alane to induce alloying and to

173

increase the decomposition reaction rate . Both Ni and Ti were found to have no

measurable effect on the rate of decomposition '”. Similarly CaH, was used as a
potential reductant of the Al,Os surface layer with little or no beneficial effect 173,
However positive kinetic results were obtained with the addition of alkali-metal
hydrides such as LiH, NaH, KH, 293 and LiAlHs 7. These dopants are expected to
form "surface layers or islands of alanate that serve as 'windows' for hydrogen
egress from the decomposing AIH;" '”. The alkali metal hydride dopants almost

entirely convert to their associated alanate after ball milling ***. By adding Ti to LiH

doped alane during ball milling significant room temperature desorption is observed
203

4.1.3.5 Stabilisation

Increased thermal stability of aluminium hydride is possible by coating the surface
with an organic compound containing a phenyl group or a condensed ring structure
21 Alane has also been coated with aluminium metal which can assist in friction
sensitivity problems *'. Coating techniques have primarily been used to extend the

shelf life of alane for use in rocket propellant formulations.

4.1.4 Oxide Layers

When alane is exposed to air a fine white powder forms on the AlH3 crystal surfaces
and when the alane is re-exposed to air there is no further degradation '*'. This
behaviour is indicative of a surface oxide/hydroxide layer forming on the alane
particles ¥ which then prevents further interaction of a clean alane surface with the

atmosphere, hence stabilising the particles.

Hydrogen bubbles (1-10 um) have been found to form during the decomposition of

alane (after aluminium thin films were plasma charged) which has been attributed to
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an ALO; oxide layer acting as a permeation barrier '**. Permeation of hydrogen
through Al,Oj3 is very low and hence it is used as a barrier coating in hydrogen gas

137-138
storage systems "%,
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4.2 MECHANOCHEMICAL SYNTHESIS

Alane has recently been synthesised mechanochemically as a mixture of both the a-

AlHj and a'-AlH; phases according to 67.

AIC, +3LiAIH, —>4AIH, +3LiCl 4 G,y =—191kJ/mol

(4.12)
4,G,,, =—158%kI/mol

The reaction progresses both at room temperature and at 77 K due to the relatively
high change in Gibbs free energies. Brinks ef al. ® surmised that room temperature
synthesis was inefficient in synthesising AlH; due to low alane yields and high Al
content. Aluminium forms due to the high milling energy at room temperature which
allows for AlH; to decompose to Al and H,. As a result, cryogenic milling is the
preferred synthesis method in synthesising AlH; because low milling temperatures

restrict AIH; decomposition.

The mechanochemical synthesis of alane according to Reaction 4.12 was undertaken
in an attempt to understand the impact of variations to milling parameters at both
room temperature and 77 K. The use of a reaction buffer to promote nanoparticle
formation has not been used in the past during AIH; mechanochemical synthesis and
its effect on the hydrogen sorption properties are of interest due to the ability to

control particle size when using a buffer

In order to simplify discussion, sample names have been assigned to each sample
synthesised under varied conditions as presented in Table 4-3. It should be noted that
all room temperature synthesised samples were milled in fixed quantities to produce
a 1 g yield of AlHs. The milling time for cryogenically synthesised samples was
broken into 2 min milling sessions separated by either 0.5 or 1 min rest periods for
the 190 cm® and 14.3 cm’® canisters respectively. The canister was allowed to rest
whilst submerged in 77 K liquid nitrogen in order to cool the milled powder in an
attempt to restrict hydrogen evolution during high energy milling. Cryogenic milling
was undertaken with a milling rod impact rate of 20 impacts/s with 1 g total sample

quantities (except in the 190 cm’ canister where 2 g total samples were milled).
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Table 4-3: Mechanochemically synthesised AIH; sample details. B:P and R:P are the ball to
powder and rod to powder mass ratios respectively. Volume ratios refer to final reaction

products.
Sample Name Milling Time B:P/ Volume Ratio  Ball and Canister
Temp. (min) R:P (LiCL:AlH3) Sizes (Notes)
)
AIH3 RT 7.7tol 50min_Step 7.938 298 50 7.7:1 2.2:1 7.938 mm
(stepwise time)
AIH3 RT 7.7tol _60min_7.938 298 60 7.7:1 2.2:1 7.938 mm
AIH3 RT 39.3tol 60min_7.938 12.7 298 60 39.3:1  2.2:1 7.938 & 12.7 mm
AIH3 RT 39.3tol 120min 7.938 12.7 298 120 39.3:1  2.2:1 7.938 & 12.7 mm
AIH3 RT 39.3tol 180min 7.938 12.7 298 180 39.3:1  2.2:1 7.938 & 12.7 mm
AIH3 RT 13.2tol 120min 4 298 120 13.2:1  2.2:1 4 mm
AIH3 RT 13.2tol 240min 4 298 240 13.2:1  2.2:1 4 mm
AlH3 RT 13.2tol 360min 4 298 360 13.2:1 2.2:1 4 mm
AIH3 Cryo 190cc 180min_0.76vol 77 180 70.6:1  0.76:1 190 cm®
AIH3 Cryo 14.3cc_1min_0.76vol 77 1 32:1 0.76:1 14.3 cm’
AIH3 Cryo 14.3cc_15min_0.76vol 77 15 32:1 0.76:1 14.3 cm’
AlH3 Cryo 14.3cc 30min_0.76vol 77 30 32:1 0.76:1 14.3 cm’
AlH3 Cryo 14.3cc_60min_0.76vol 77 60 32:1 0.76:1 14.3 cm’
AlH3 Cryo 14.3cc 60min 2vol 77 60 32:1 2:1 14.3 cm’

4.2.1 Unique Washing Difficulties

The selection of an appropriate solvent is a crucial part of the synthesis process as the
solvent must firstly be able to dissolve large quantities of the by-product phase
(LiCl), it must be relatively unreactive to the alane nanoparticles, and it must also
have a low viscosity so that it may be separated from the nanoparticles once it has
dissolved the by-product phase. Solvent choice is made very difficult because alane
is a powerful reducing agent that has been found to react very rapidly with a large
quantity of materials **. The reactions are known to either evolve hydrogen gas or
form solution by-products. Alane also dissolves in certain solvents which dissolve
LiCl such as tetrahydrofuran (THF). However, in the literature, some solvents were
found to be relatively inert or only reacted very slowly with alane that was dissolved
89.

in tetrahydrofuran such as I-nitropropane, nitrobenzene, azobenzene,

azoxybenzene, methyl p-tolyl sulfide, diphenyl sulfone, and cyclohexyl tosylate.

Information regarding the tested solvents is provided in Section 2.1.5.1. Testing
revealed that two solvents (nitromethane and toluene) appeared to be suitable in
washing LiCl from AIH; due to the fact that these solvents appeared to be relatively
or completely inert to alane. The solvents were able to dissolve high quantities of
lithium chloride if there were other salts present in solution such as aluminium

chloride (AICI;). As such, aluminium chloride was added in a 3:1 ratio of AICI;:LiCl
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in order to promote LiCl solubility in nitromethane and toluene. Centrifugation was
used to separate the solvent containing the dissolved LiCl by-product phase from the
alane nanoparticle product, and the saline solution was decanted. Washing was
performed three times, twice with a solvent/AlCl; mix and once with the pure

solvent.

Room temperature milled AlH; samples did not present any visible signs of reaction
with the nitromethane/AlCl; solvent however noticeable gas evolution was present
on addition of the cryogenically milled samples to the nitromethane solution. The gas
evolution indicates an adverse reaction between the solvent and cryogenically milled
sample. This is an indication that either the cryogenically milled alane is more
reactive, or that a reaction between nitromethane and the LiAlH, starting reagent was
observed, due to the cryogenic reaction not reaching completion. It should be noted
that LiAlH, is violently reactive with nitromethane and significant quantities of heat
and fumes are generated upon contact with one another, even in dilute
concentrations. Given the mild reaction between the solvent and the cryogenically
milled sample it is unlikely that LiAlH4 is present. Despite the observed reaction in
cryogenically milled samples, the as-synthesised and washed alane samples were
characterised to determine their hydrogen desorption kinetics and structural

properties.

Washing the alane nanoparticles with toluene/AlCl; was attempted with limited
success. The final stage of the washing procedure involves the removal of remaining
solvent from the washed nanoparticle product. Final solvent removal is usually
undertaken under vacuum as this results in rapid drying. XRD data is presented in
Figure 4-1B for an AlH3 sample that was washed with a toluene/AlCl; solution and
evacuated for 19 hrs at room temperature to dry. XRD data reveals that only Al
remains in the sample after washing. It is possible that all of the AIH; decomposes
over time under vacuum, however the kinetics for alane decomposition are not
generally this quick (see Section 4.3). It is most likely that the AIH; dissolved within
the toluene/AlICl; solution as alane is known to dissolve in certain solvents such as
THF. As such, the nitromethane/AICl; solution was utilised for all AIH; washing

procedures.
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Figure 4-1: X-ray Diffraction (XRD) patterns (D500) from AIH3_Cryo_190cc_180min_0.76vol.
Samples are A) as-milled and B) washed with toluene and AICl;.

4.2.2 Aging

Aluminium hydride (AlH3) has been reported to be stable in air for decades at room
temperature due to its heavy oxide coating ', however freshly mechanochemically
synthesised alane is unstable due to its clean oxide-free surface, which does not
significantly kinetically restrict decomposition. Alane is prone to decomposition as a
result of its thermodynamic properties because AG of formation is positive at

temperatures greater than approximately -200°C (when extrapolated from

9 217

experimental data *° as shown in Figure 1-7). In fact, theoretical calculations
suggest that AG of formation is positive (for the AIH; phases investigated) at all

temperatures, and as such decomposition may occur spontaneously.

Mechanochemically synthesised samples exhibit relatively rapid decomposition at
room temperature (significantly over months) when stored under an argon

atmosphere. The decomposition is evidenced by XRD data provided in Figure 4-2,
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which displays a significant reduction in the AIH; content over one month, matched

by an increase in the Al content of the sample when stored at ~ 25°C.
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Figure 4-2: X-ray Diffraction (XRD) patterns (D500) from AIH3 Cryo_190cc_180min_0.76vol
for A) as-milled powder, and B) after one month stored under argon.

Quantitative phase analysis results (see Table 4-4) outline the decomposition of the
mechanochemically synthesised alane sample over time. After one month, the alane
content has been reduced to 73% of its as-synthesised content, increasing the
aluminium content significantly. LiCl content does not change over time, although
some LiCl.H,O is present in the aged sample due to an improper seal with the mylar
film during data collection. The a'-AlH;3 phase decreased by 20.3% whereas the o-
AlHj; phase decreased by 31.9 % over one month.

The disproportionate decomposition indicates that a-AlH; decomposes more readily
at room temperature, provided that a-AlH3 does not undergo a phase transition to o'
AlHj; during this time. The result is curious because a-AlHj3 is reported to be the most

173

stable alane phase as both /- and »~AlH; were shown to transition to o-AlH;
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before decomposition evidenced by calorimetry '’* and in-situ XRD 2'**"°. The
calorimetry results discount the possibility of an a-AlH; — o'-AlH3 phase transition
as no thermodynamic transitions were found during a-AlH; decomposition '’ In
fact, experimental and theoretical results **° demonstrate that the opposite reaction
can occur where a'-AlH; — a-AlH; if conditions are both kinetically and
thermodynamically favourable. Therefore the disproportionate decomposition instead
suggests a more rapid a-AlH3; decomposition at room temperature in comparison to
o'-AlH;3. a'-AlH; has been shown to be more stable than o-AlH; in other work 220
when stored at room temperature, where it was suggested that the high surface
stability of a-AlH3; may be the primary cause of the disparity. In the literature a-AlH;
is the phase that is synthesised reversibly from the reaction of hydrogen gas with

.. 221
aluminium at extreme pressures >

. The preferred formation may be due to a-AlH;
having the most compact crystal structure, but the XRD results herein indicate that
a'-AlH3 is more stable over time at room temperature. In addition, theoretical results

also show 2%

that a'-AlH; is more stable than o-AlH; in regards to the
thermodynamics of decomposition. It is not know if the a'-AlHj; stability (seen at
room temperature) is a function of either kinetic or thermodynamic factors.

Table 4-4: Quantitative results calculated from Rietveld fits to XRD data given in Figure 4-2
using Topas. Mathematical fitting uncertainties are provided (2 standard deviations).

Phase Crystalline Crystallite size (nm)
wt. %

0 Month  o'-AlH; 14.8 £ 0.2 16.1 £ 0.6
o-AlH; 19.1 £ 0.3 15.0 £ 04
Al 3.6 + 0.1 18.0 + 1.2
LiCl 62.5 £ 03 275 £ 1.0

1 Month  o'-AlH; 11.8 £ 0.3 156 = 1.0
o-AlH; 13.0 = 0.3 23.8 £ 1.2
Al 134 + 0.2 30.0 £ 0.9
LiCl 594 £ 04 254+ 1.0
LiCLH,O 23 + 02 18.8 = 10.2

The stability over time does not seem to be related to crystallite size, as the average
crystallite size of a-AlH3; was found from Rietveld fits to be 15.0 £ 0.5 nm and 19 +
1 nm for the 0 month and 1 month samples respectively, whilst the average crystallite
size was 17.0 £ 0.6 nm and 17 * 1 nm for «'-AlH; in the 0 month and 1 month
samples respectively. The crystallite sizes are comparable between both phases but it
is possible that particle size differences between the phases could lead to different

decomposition rates. It is also possible that any phase transformations to or from
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amorphous phases could bias these crystalline phase results obtained using

quantitative phase analysis by the Rietveld method.

As a consequence of the rapid decomposition of alane at room temperature, samples
were synthesised closely, in time, to characterisation unless stated otherwise.
However some samples that were synthesised by room temperature milling, before
knowledge of the high instability of the alane nanoparticles was known, did not

always undergo the same level of temporal scrutiny that later samples received.

4.2.3 Room Temperature Milling

Room temperature milling is reported to produce low yields of alane ®’ due to the
decomposition of AlH; that results from high levels of milling energy. Room
temperature ball milling was conducted under a variety of milling conditions in order

to understand the impact of these conditions on AlH; yields and phase production.

42.3.1 Milling Conditions

Room temperature milling was initially undertaken using a mixture of 12.7 mm &
7.938 mm balls with a 39:1 ball to powder ratio (B:P) as a function of milling time.
A LiCl buffer was used to provide a 2.2:1 volume ratio of LiCl:AlH3 in the final
product. XRD data in Figure 4-3 shows that alane was indeed synthesised according
to Reaction 4.12, however the milling also resulted in high aluminium yields. The
reaction progress is best understood by quantitative Rietveld results given in Table
4-5. It can be seen that the o'-AlH; phase is predominantly synthesised which is
interesting considering that the a-AlH3 phase has the most compact crystal structure
and as such may be expected to be preferentially synthesised during milling due to

high compressive milling forces.

Rietveld results indicate that more than 50% of the alane has decomposed to Al after
one hour of milling time. Aluminium content increases as a function of milling time,
which is expected given the low thermodynamic stability of alane "', however the
decrease in alane content is insignificant considering the decomposition that occurs
after only one hour. The significant decrease in alane content after one hour most
likely results from heat energy, not from the milling itself (which only provides

slight alane reduction over time), but instead from the exothermic synthesis reaction
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(Reaction 4.12). Milling provides the chemical reagents energy but also combines the
reagents so that they may react with one another, and because the alane synthesis
reaction is moderately exothermic (AH = -213 kJ/mol) it provides more than enough
energy for AlH; to decompose to Al and H, due to the low amount of energy

required for decomposition (AH = +11.4 kJ/mol).
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Figure 4-3: X-ray Diffraction (XRD) patterns (D500) from A)
AIH3 RT 39.3tol_60min_7.938 12.7, B) AIH3 RT 39.3tol 120min_7.938 12.7, and C)
AIH3_RT _39.3to1_180min_7.938 12.7. Patterns were collected before mylar film was available
and were collected with either Kapton film or without film in air resulting in a complete
reaction of LiCl with the moisture present in the air. Greyed out sections reflect regions not fit
using Rietveld due to attenuation from the Kapton film.
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It should be noted that the Rietveld fits in Patterns A & B in Figure 4-3 were
undertaken at angles greater than 31° 26 due to attenuation under the amorphous
hump from the Kapton film which adversely affects the quantitative phase analysis
of diffraction peaks below this angle. The Rietveld results evidence a decrease in the
AlHj; content resulting from longer sample exposure times to high energy milling and
consequently an increase in Al content is observed as milling time increases.
Although the XRD patterns reveal LiCI.H,O components in the samples, the overall
LiCl content remains constant across the sample time series, indicating reaction
completeness. In general, crystallite sizes for all phases decrease over time, except
a'-AlH; which more than doubles in crystallite size in the 3 hour sample. However
this sample was exposed to air, forming large quantities of LiCl.H,O that may have
altered the sample due to moisture in the air. It is not known why AlHj; crystallites
would grow whilst Al crystallites remain a similar size.

Table 4-5: Rietveld fitting results for XRD patterns given in Figure 4-3. * The phase percentages
for the 3 hour XRD pattern were calculated using a crystalline content of 24 % based on a fit to

the amorphous hump in the data. Mathematical fitting uncertainties are provided (2 standard
deviations).

Phase Wt. % Crystallite size (nm)

1 hour a'-AlH; 9.7+1.6 16+£6
Al 11.3+04 54+6
LiCl 789+ 1.4 46 £ 6

2 hour o'-AlH; 90+1.6 13+£6
Al 12.7+£0.4 50+6
LiCl 76.1 £1.4 46 £ 6
LiCL.H,O 22+0.6 40 +£20

3 hour a'-AlH; 89+0.2 30+4
a-AlH; 0.6+0.2 120+ 180
Al 13.0£0.2 43+£2
LiCL.H,O 77£16 60 + 40

It can be seen from the Rietveld results in Table 4-5that more than 50% of the
synthesised AlH3; has decomposed to Al after just one hour of milling. The rapid
decomposition is due to the significant energy produced during milling by the large
balls. Because of this, room temperature milling was also undertaken using 4 mm
balls (13:1 B:P) as a function of milling time with the same 2.2:1 (LiCl:AlH3) final
volume ratio. Smaller balls were utilised in a low ball to powder ratio in an attempt
to slow the alane synthesis reaction (Reaction 4.12). It was thought that if the

reaction proceeded more slowly less aluminium would be generated. A slow reaction
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would limit the large quantity of heat rapidly generated by the exothermic synthesis
reaction, restricting alane decomposition. XRD data is provided in Figure 4-4 as a

function of milling time for “low-energy” alane synthesis.
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Figure 4-4: X-ray Diffraction (XRD) patterns (D500) from A) AIH3 RT 13.2tol_120min_4, B)
AIH3 RT 13.2to1_240min_4, and C) AIH3_RT 13.2tol_360min_4. Full patterns are displayed
as insets and scaled patterns are given to properly display minor phases present.
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The XRD data is better understood by the quantitative Rietveld analysis provided in
Table 4-6. Firstly, it is apparent from the 2 hour XRD data that low energy milling
provides high alane content and consequently low aluminium content (3.5:1 AlH3 to
Al). This is in contrast to the “high-energy” room temperature milling XRD results
(0.71:1 AlH3 to Al after 2 hours) given in Table 4-5. However a lower milling energy
results in an incomplete chemical reaction that is evidenced by minor traces of
LiAlH4 present in the 2 hour and 4 hour milled samples.

Table 4-6: Rietveld fitting results for the XRD patterns given in Figure 4-4. Mathematical fitting

uncertainties are provided (2 standard deviations). Some crystallite sizes are not included due to
the very low phase wt.% that makes results unreliable.

Phase Crystalline Crystallite size (nm)
wt. %

2 hour a'-AlH; 12.0£0.2 36.9+3.2
S-AlH; 0.7+£02 -
Al 37+0.2 64.6 £8.6
LiCl 81.7+£0.6 407.4 £167.2
LiAlH,4 1.9+£0.6 -

4 hour o'-AlH; 0.7+0.2 -
y-AlH; 26+04 58.7+33.0
Al 22+0.2 71.5+£19.8
LiCl 92.0+0.8 130.0£21.2
LiAlH, 24+0.8 -

6 hour o'-AlH; 0.4+0.2 -
Al 20+0.2 432+10.4
LiCl 97.5£0.2 653+64

The low-energy XRD data provides unusual phase information as a function of
milling time. Crystalline a'-AlHj3 is present in moderate quantities in the sample
milled for 2 hours, but the alane content is reduced to almost zero in samples that
were milled for longer. Minor traces of both f-AlH; and y-AlH; are observed in some
XRD patterns, indicating that alane phase transformations occur during milling.
Despite the very low crystalline AlH3 content in the 6 hour milled sample, given by
XRD, hydrogen sorption measurements (see Figure 4-20 in Section 4.3) indicate that
the sample contains a considerable portion of AlHs. The 6 hour as-milled sample was
incrementally ramped to 150°C over 120 hours and desorbed a quantity of hydrogen
that equates to a 8.1 wt.% AlH;3 content in the entire synthesised sample (from a
theoretical maximum of 24.6 wt.%). The hydrogen desorption result, in conjunction
with the low crystalline Al and AIH; content in the sample milled for 6 hours,

indicates that there is non-crystalline Al and AlH; present. It may also be possible
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that the as-synthesised AlHj is so nanoscopic that some XRD peaks are hidden under
the background noise. To the author’s knowledge non-crystalline AIH; has not been
previously reported in the literature. Theoretical investigations have suggested the
possibility of certain crystalline AIH3 phases existing in real samples that have not
been identified experimentally to date *'’. But given that no unidentified crystalline
peaks are present in the XRD patterns it is unlikely that these phases exist in the

studied samples.

TEM investigations of the alane nanoparticles were performed whilst they were still
embedded in salt. Micrographs provided in Figure 4-5 illustrate alane nanoparticles
(~ 100 nm) embedded within larger (~ 400 nm) salt clusters. It can be seen that the
alane nanoparticles decompose under the electron beam after a short time (3 min),
resulting in a decrease in particle size and a change in electron contrast. The TEM
investigation showed that the sample primarily consisted of large aggregates of salt

containing smaller AIHs/Al particles.

'ime = 3 minutes

Figure 4-5: Transmission  Electron  Microscope (TEM) micrographs  from
AIH3 _RT_7.7tol_SOmin_Step_7.938. Alane nanoparticles (~ 100 nm) embedded in LiCl salt
clusters (~ 400 nm) are present. The alane (shown by the white arrow) decomposes over time
under the electron beam.

4.2.3.2 Washing

Washing was performed three times, twice with a nitromethane/AlCl; solution and

once with pure nitromethane. The samples synthesised at room temperature did not
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show any signs of reaction with the solvent (i.e. no gas evolution was noticeable).
After the AIH3 RT 39.3tol 60min 7.938 12.7 sample was washed (removing
LiCl) two distinct particle morphologies existed. Large geometric-shaped single
crystals were found as shown in Figure 4-6 and they were also present in large
aggregate structures (see Figure 4-7). The large crystal in Figure 4-6 was identified
as a LiCl single crystal using electron diffraction (see inset). Given that the LiCl
phase is not detectable using lab-based XRD, its presence only in TEM
investigations suggests that it is a minor sample component which is a remnant from

the washing process.

Figure 4-6: Transmission Electron Microscope (TEM) micrographs of a LiCl single crystal
present in a washed sample AIH3 RT 39.3tol_60min_7.938 12.7. The contrast of the image has
been adjusted for clarity. The inset displays an electron diffraction pattern for the LiCl single
crystal.

The washed sample consisted primarily of the smaller crystals shown in Figure 4-8
that were identified to be Al-rich using energy dispersive x-ray spectroscopy (EDS)
during TEM investigations. This indicates that these crystals are either AIH; or Al
(resulting from alane decomposition). The washed AlH3/Al nanoparticles in Figure
4-8 exist as aggregates and consist of 30 — 50 nm particles that appear similar to

TEM micrographs of dehydrided a-AlH; particles recently presented in the literature
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222 Although those shown in Figure 4-8 seem to be clusters of separate particles

rather than large particles with internal structure.

A. T .

0.5 ym 0.5 pm b

Figure 4-7: Transmission Electron Microscope (TEM) micrographs of a washed sample
AIH3_RT _39.3tol_60min_7.938 12.7. A range of images (A — D) are shown to provide an
average representation of the sample structure.

During TEM investigations, certain regions of the mechanochemically synthesised
alane samples were found to contain some large Al-rich particles (AlH3 or Al) as
shown in Figure 4-9. The large ~1 um particle contains high quantities of Al in
conjunction with low quantities of Cl and O. Therefore the particle is either
predominantly AIH; or Al and appears to be polycrystalline. EDS data, as provided
in Figure 4-10, also verifies the presence of high quantities of Al and low quantities

of Cl suggesting that the washing process was close to completion. Hydrogen cannot
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be detected using EDS, primarily due to the high x-ray attenuation of the detector
window, so AlHj3 and Al can’t be differentiated. The fact that large Al/AIH; particles
have been identified in the sample is an indicator of the low buffer volume ratio

used. Smaller, more uniform AlHj particles are more likely to be synthesised when

using higher reaction buffer volume ratios than those used to date.

Figure 4-8: Transmission Electron Microscope (TEM) micrographs of a washed sample
AIH3_RT _39.3to1_60min_7.938 12.7. A range of images (A — D) are shown to provide an
average representation of the sample structure.
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Figure 4-9: Transmission Electron Microscope (TEM) micrographs of a washed sample
AIH3_RT_39.3to1_60min_7.938 12.7. EDS maps were collected in scanning TEM mode
(STEM) on the particle in Figure 4-7B. A) STEM image with EDS for B) aluminium, C)
chlorine, and D) oxygen. White dots indicate x-ray counts from the specified location.
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Figure 4-10: Energy dispersive x-ray spectroscopy (EDS) spectra from TEM investigations of
washed nanoparticles as given in Figure 4-9 showing a high Al content, minor traces of Cl from
residual LiCl, O from aluminium oxide due to sample air-exposure, and TEM grid component
Cu.
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4.2.4 Cryogenic Milling

Cryogenic (77 K) milling provides high alane yields (low Al content) due to the low
milling temperatures, which minimise the decomposition of alane in contrast to room
temperature milling ®’. Materials are also more brittle at lower temperatures in

general, which can result in smaller crystallite sizes being generated during milling.

4.2.4.1 Milling Difficulties

Certain difficulties arose during cryogenic synthesis relating to design issues with the
as-supplied Spex milling canisters. Firstly, sealing the as-supplied canisters was
impossible due to the poor end-cap design. Secondly, large internal diameters within
the 190 cm® metal canister combined with the soft metal used in their construction
resulted in significant canister wear. Cryomilling did result in well milled samples
(see Figure 4-11) but canister wear led to stainless steel contamination within

synthesised samples as shown by the EDS results in Figure 4-12.

bl

Acc:y‘.‘SthDet WD ]—| 100 um Acc.Y SpotDet WD |——————— 10um
200KV 4.0, BSE 10:6, 500k¥ 30 SE 7.1 j B

*

Figure 4-11: Scanning Electron Microscopy (SEM) micrographs from
AIH3_Cryo_190cc_180min_0.76vol.

In order to synthesise high quality samples a custom made 14.3 cm’ canister
(obtained from E.MacA. Gray & M.P. Pitt at Griffith University) was utilised in the
majority of AIH; sample synthesis. The canister was constructed from 440c stainless
steel in order to minimise sample contamination and provide a vacuum tight seal

with Teflon taped screw fittings which are made from steel and silver.
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Figure 4-12: Energy dispersive x-ray spectroscopy (EDS) spectra from SEM investigations of
AlH3_Cryo_190cc_180min_0.76vol. The inset depicts the sites of interest. The EDS spectra from
Site B indicates that there is contamination from the stainless steel milling equipment.

4.2.4.2 Milling Conditions

In order to understand progression of the cryogenic synthesis XRD was utilised to
analyse samples that were milled for increasing times without the use of a reaction
buffer material. XRD data after milling for 1 minute (Figure 4-13) indicates that only
starting reagents (AlCl;, LiAlH4, and LiCl) are present. For samples milled for 15
minutes or longer (Figure 4-14) no starting reagents are detected and AlH3 and LiCl

are the only crystalline phases present.

The XRD data in Figure 4-14 indicates that samples milled for 15 and 30 minutes
have a'-AlH; and a-AlHj; phases in similar ratios, but in the sample milled for 60 min
the a-AlH; phase is dominant. Preferential synthesis of a-AlH3 as milling time
increases is likely related to the density of the various alane phases (see Table 4-1).
The a-AlH; phase has the highest density and its formation should be preferential
due to the high compressive forces that occur during milling. Long milling times
increase the number of ball-powder impacts that appear to enable AIH; phase

transformations into a-AlHjs.
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Figure 4-13: X-ray Diffraction (XRD) patterns (D8) from AIH3 Cryo_14.3cc_1min_0.76vol. A
scaled plot is shown to clearly display minor diffraction peaks.

Quantitative phase analysis results provided in Table 4-7 indicate that the Al wt.% is
3.0, 5.0, and 11.9 £ 0.6 for the 15, 30, and 60 min samples respectively. Thus longer
milling times result in higher Al yields due to the longer times in which AlHj is
exposed to high energy milling. However, the Al content in cryogenically
synthesised samples is much lower than those measured in room temperature
synthesised samples, indicating that the low milling temperatures do restrict AlH;

decomposition and prevent high Al yields.

There is a slight reduction in the AlH; and Al crystallite sizes when milling times are
increased from 15 min to 30 min. But when milling time is increased to 60 min there
is an increase in both the AIH; and Al crystallite sizes. Longer milling times increase
powder-powder impacts that may allow nanoparticle-nanoparticle impacts to occur
when reaction buffer volume ratios are low. Because no additional reaction buffer is
used in these samples it is likely that crystallite size growth is due to agglomeration
during milling. The LiCl crystallite size is consistently reduced over 15, 30, and 60
min milling times in contrast to AIH; and Al. The fact that the LiCl presents no

crystallite size growth may be because it has not yet reached a critical crystallite size.
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Figure 4-14: X-ray Diffraction (XRD) patterns (D8) from A) AIH3 Cryo_14.3cc_15min_0.76vol,
B) AIH3 Cryo_14.3cc_30min_0.76vol, and C) AIH3_ Cryo_14.3cc_60min_0.76vol. Rietveld fits
to the data are also displayed.
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Table 4-7: Rietveld fitting results for XRD patterns given in Figure 4-14. Mathematical fitting
uncertainties are provided (2 standard deviations).

Phase Wt. % Crystallite size (nm)
15 min o'-AlH; 21.1£0.6 2542
o-AlH; 15.8+0.4 292
Al 30£04 16+4
LiCl 60.1£0.6 76 £ 12
30 min o'-AlH; 22.0+0.6 232
o-AlH; 124 0.6 262
S-AlH; 05104 -
Al 4.7+0.6 852
LiCl 60.5+£0.8 54+6
60 min a'-AlH; 15.5£0.6 3614
a-AlH; 19.3+£0.6 31+4
Al 11.4+£0.6 11+4
LiCl 53.9+0.6 24+2

Interestingly, the crystalline phase wt.% results determined from the Rietveld
analysis (in Table 4-7) differ from those calculated from expected yields. Reaction
completeness should result in 51.4 wt.% LiCl but Rietveld results suggest that
crystalline LiCI comprises 60.1, 60.5, and 53.9 wt.% of the sample after 15, 30, and
60 min milling respectively. The disparity in these results suggests that an
amorphous phase exists within the synthesised sample. This is due to the fact that the
wt.% values from the Rietveld analysis are calculated assuming a 100% crystalline
sample content. Because the crystalline LiCl content is larger than the calculated
LiCl content a non-LiCl phase (AlH; or Al) must be present as an amorphous phase

assuming reaction completeness.

In order to promote nanoparticle formation, samples were cryogenically milled for
60 minutes with a moderate quantity of reaction buffer (2:1 LiCl:AIH3 volume ratio).
The quantity of reaction buffer used is a compromise between a high buffer leading
to small nanoparticles and a low buffer resulting in better washing yields. XRD
results are provided in Figure 4-15 for the as-milled sample, which show a high a-
AlHj; yield with minor a'-AlH;3 and Al phases as well as the LiCl reaction by-product
phase. The result is similar to the reaction undertaken cryogenically with no reaction
buffer where high a-AlH; yields are encountered with some Al decomposition

product present.
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Figure 4-15: X-ray Diffraction (XRD) patterns (D8) from AIH3 Cryo 14.3cc_60min_2vol.
Rietveld fits to the data are also displayed.

42.4.3 Washing

A sample of as-milled powder (AIH3 Cryo 14.3cc_60min_2vol) was washed using
nitromethane and AICl; to remove the LiCl by-product phase. However noticeable
gas evolution was apparent upon addition of the sample to the nitromethane/AlICl;
solution indicating that a reaction between the AIH3 and the solution occurred. Gas
evolution was not noticeable when washing mechanochemically synthesised pure Al
nanoparticles (in Section 3.2.2) or room temperature synthesised AlHj3 (in Section
4.2.3.2) indicating that cryogenically synthesised alane is much more reactive. Even
though a reaction with the solvent was noted, XRD of the washed sample as shown
in Figure 4-16 does not show any unwanted crystalline reaction products. The only
crystalline phases present in the washed sample are o'-AlH;, a-AlHs;, and Al.
However, it is possible that an amorphous phase is present that is not detected by

XRD.
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Figure 4-16: X-ray Diffraction (XRD) patterns (D8) for washed AIH3 Cryo_14.3cc_60min_2vol.
Rietveld fits to the data are also displayed.
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4.3 HYDROGEN SORPTION

Hydrogen desorption experiments were performed on mechanochemically
synthesised samples in order to analyse the decomposition kinetics and maximum
wt.% H, in as-synthesised and washed samples. Hydrogen absorption experiments
could not be undertaken due to the lack of success in hydriding Al nanoparticles at

pressures up to 2 kbar (see Section 3.3).

4.3.1 Room Temperature Milled

The decomposition plots for two different mechanochemically synthesised samples
(AIH3 _RT 7.7tol 50min_Step 7.938 & AIH3 RT 7.7tol 60min_7.938) are
provided in Figure 4-17. Both samples were milled using the same LiCl:AlH;
volume ratio, the same ball size, B:P ratio, and similar milling times. However the
sample milled for 50 minutes was milled in a stepwise fashion (milled for 2 — 5
minutes and stopped for ~30 minutes incrementally) in an attempt to restrict the
amount of heat build-up during milling. Both samples were examined within 1 week

of synthesis.
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Figure 4-17: Hydrogen desorption data from A) AIH3 RT 7.7tol_SOmin_Step 7.938 and B)
AIH3_RT _7.7to1_60min_7.938. The H, wt.% is given as a percentage of the calculated non-salt
portion of the samples.
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It is apparent that incremental step-wise milling is effective in producing higher AlH;
yields. The 50 minute sample milled in a stepwise fashion evolves three times as
much hydrogen as the 60 minute sample milled straight. Although the samples were
not milled for exactly the same time, this small milling time difference is not
expected to be a major factor in controlling AlH; yields. A significant quantity of
heat is evolved during milling from both the mechanical milling process and from the
exothermic chemical reaction that forms AlH;. At 298 K the enthalpy of Reaction
4.12 is AH = -213 kJ/mol. This is a significant exothermic reaction that appears to
generate enough heat energy during milling to initiate the decomposition of AIH; to
Al and H, according to Reaction 4.4. The alane decomposition reaction is only
mildly endothermic (AH = +11.4 kJ/mol) suggesting that the decomposition reaction

is likely to occur during room temperature milling.

An XRD pattern for the 60 minute sample is provided in Figure 4-18, but
unfortunately this data was collected 6 months after sample synthesis. Thus the as-
synthesised alane content cannot be determined from the XRD data because of room
temperature AIH3; decomposition which would have occurred between synthesis and
XRD data collection. However, the XRD data verifies that no starting reagents are
present. XRD could not be collected for the 50 min milled sample because the entire

sample was decomposed before air-protective XRD capabilities were available.
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Figure 4-18: X-ray Diffraction (XRD) patterns (D8) for AIH3_RT 7.7to1_60min_7.938. XRD
data was collected 6 months after sample synthesis. A Rietveld fit to the data is also displayed.
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Given that stepwise room temperature milling generates higher AIH; yields it is
preferential to synthesise all samples in this fashion. For the sake of practicality
(especially during longer milling runs) most room temperature milling was
undertaken using continuous milling times. However cryogenic samples were milled

at 77 K using stepwise milling.

Hydrogen desorption data is provided in Figure 4-19 for a room temperature
synthesised sample (AIH3 _RT 39.3tol 60min_7.938 12.7) milled using a high B:P
ratio, before and after washing the sample with nitromethane/AlCl;. Firstly, a
comparison must be drawn between the desorption data in Figure 4-17B and in
Figure 4-19A for samples milled for 1 hr each with different B:P ratios (7.7:1 and
39.3:1 respectively). The comparison draws a curious result. The sample milled with
a low B:P evolves a smaller quantity of H, (3.2 wt.%) in comparison to the sample
milled with a high B:P (4.2 wt.% H,). The result is unusual because it was expected
that higher B:P ratios would result in more heat generation during milling, resulting

in higher levels of Al, however the result here proves the opposite.
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Figure 4-19: Hydrogen desorption data from AIH3 RT_39.3tol_60min_7.938 12.7 for A) as-
milled and B) washed samples. The H, wt.% is given as a percentage of the calculated non-salt
portion of the samples.
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It is possible that the maximum H, wt.% is higher for the sample milled with a high
B:P (Figure 4-17B) than the sample milled with a low B:P (Figure 4-19A) due to an
incomplete AlH; synthesis reaction for the sample milled with a low B:P
(AIH3_RT 7.7tol 60min_7.938). An incomplete reaction would result in LiAlH4
remaining within the sample, which has been shown to decompose at temperatures
greater than 100°C. However LiAlIH4 milled with AICl; and/or TiCl; additives has
been shown to decompose at room temperature *>. But XRD data provided in Figure
4-18 for the low B:P sample does not display any evidence of starting reagents. In
addition, no evidence of LiAlH4 decomposition products (LisAlHg, LiH, or LiAl 224)
were found in the XRD pattern or any other that has been performed before or after
sample heating. The reason for the hydrogen capacity difference is still not fully

understood, and further work is required to analyse trends in alane decomposition

during room temperature milling.

A comparison can also be drawn from the hydrogen desorption data provided in
Figure 4-19 between the wunwashed and washed samples. The
AIH3 RT 39.3tol 60min 7.938 12.7 sample was washed with nitromethane and
AICl; according to Sections 2.1.5 & 4.2.1. There is an obvious alteration of the
kinetics of decomposition as well as a decrease in the maximum H,; wt.% upon
washing. Unfortunately the decomposition of the washed sample (Figure 4-19B) was
undertaken 6 months after sample synthesis and washing were performed. As such it
was uncertain whether the changes in desorption behaviour were due to the washing
procedure or the delayed analysis time. Further analysis of the discrepancy between
unwashed and washed samples is given in Section 4.3.2 for cryogenically

synthesised samples, where these factors are not an issue.

Hydrogen desorption experiments were also undertaken on the room temperature
milled sample (AIH3 RT 13.2tol 360min 4) which displayed almost no AlHj;
phases (0.4 wt.% of the sample) in its corresponding XRD pattern (Figure 4-4C). The
hydrogen desorption results are presented in Figure 4-20 for both unwashed and
washed (nitromethane/AlCl;) samples. The results indicate that despite XRD
displaying only a very minor AlH; crystalline phase that in fact 3.3 wt.% H» evolves
from the non-salt portion of the sample. This suggests that an amorphous phase of

AlH; may be present as discussed in Section 4.2.3.1.

147



8 ﬁ.‘\t » 50°C
] g0°C

4 = 100°C

150°C
) k + 180°C
i * 250°C

-
[Sp]
|

LIS L L L L L Y I L B B B L L B

< i B. Washed
=
& i L
E ] 1
= 4
2.0
25
3.0
] A. Unwashed W
I T T T T | T T T T I T T T T | T T T T I T T T T | T T T T
0 50 100 150 200 250

Time (hr)

Figure 4-20: Hydrogen desorption data from AIH3 RT 13.2tol_360min_4 for A) as-milled and
B) washed samples. The H, wt.% is given as a percentage of the calculated non-salt portion of
the samples.

The possibility of amorphous alane is also backed up by XRD results in Figure 4-21
for the washed AIH3 RT 13.2tol 360min 4 sample after decomposition is
complete. It can be seen that the only crystalline phase present is Al after H,
desorption. Although the counts are low, no traces of LiAIH4 decomposition products
could be identified indicating that the 6 hr milled room temperature sample did

contain amorphous AlHj3 before decomposition.

A comparison between the unwashed and washed samples in Figure 4-20 can once
again be made. The washed and unwashed samples in this case were decomposed
experimentally within 2 weeks of one another, limiting any room temperature
decomposition that may affect comparisons. It can be seen that the washed sample is
also kinetically restricted and has a reduced H, wt.% content (see Section 4.3.2 for

further discussion).
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Figure 4-21: X-ray Diffraction (XRD) pattern (D8) from AIH3 RT 13.2tol_360min_4 that was
washed and then decomposed as shown in Figure 4-20B. A Rietveld fit to the data is also
displayed.

4.3.2 Cryogenically Milled

In this section hydrogen desorption experiments were undertaken within 1 week of
sample synthesis and/or washing to ensure room temperature alane decomposition
was minimised. Both unwashed (as-milled) and washed samples of cryogenically
synthesised alane (AIH3 Cryo 14.3cc_60min_2vol) were loaded into a manometric
hydrogen sorption apparatus and initially evacuated at room temperature for 30
minutes. The samples were then raised to 50°C and held at this temperature for 24
hours, followed by 24 hours at 100°C and then 150°C respectively in order to
examine the kinetic behaviour and maximum desorbed H, wt.% of the samples.
Hydrogen desorption data is displayed in Figure 4-22 which depicts the wt.% of H,
as a function of time in the calculated non-salt portions of the unwashed and washed
samples. This relates to the percentage of hydrogen desorbed from the AI/AlHj
portions of the samples (26.43% and 100% Al/AlH3 of the unwashed and washed

samples respectively).
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Figure 4-22: Hydrogen desorption data from A) unwashed and B) washed samples of
AIH3 Cryo_14.3cc_60min_2vol. The H, wt.% is given as a percentage of the calculated non-salt
portion of the samples. Data was collected every 2 min for 24 hr periods at each temperature
consecutively.

Alane is thermodynamically unstable over a large temperature range and its
decomposition is in fact only kinetically limited. Kinetic barriers are crucial in
stabilising alane at moderate temperatures given its extreme equilibrium pressures
(i.e. 28 kbar at 300°C *?). The unwashed sample desorbs a significant quantity of
hydrogen (3 wt.% H, from Al) over 24 hours at 50°C. This indicates rapid
decomposition at a lower temperature than results reported for bulk, Dow-
synthesised alane that provide adequate kinetics in the order of 100°C, although

these kinetics can be enhanced by doping '™

. However, similar kinetics to those
reported herein have been observed for freshly synthesised alane decomposed at
60°C '*°. Figure 4-22 shows that rapid desorption occurs at 100°C and raising the
sample temperature to 150°C results in complete hydrogen desorption. The resultant

measured alane content is 25.0 wt.% of the total sample resulting in a calculated as-
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milled 1.4 wt.% Al content (73.6 wt.% LiCl). The desorption kinetics will likely be
hindered by the fact that the alane particles are embedded within a LiCl salt matrix.
Restricted desorption kinetics are beneficial during room temperature storage but

LiCl is not fully effective in kinetically stabilising alane decomposition.

The hydrogen desorption results for the washed alane sample are interesting akin to
samples examined in Section 4.3.1. Firstly, desorption kinetics are significantly
slower, and secondly, the maximum H, wt.% is half that of the unwashed sample.
Desorption kinetics should be quicker for the washed sample due to the absence of
kinetically hindering LiCl salt. However, the slower observed kinetics suggest a
limiting factor may be present. Aluminium oxide surface layers can be detrimental to
molecular ** and even atomic *° hydrogen permeation. Despite XRD showing only
AlH; and Al in the washed samples, the evolution of gas upon addition of the as-
synthesised sample to nitromethane suggests that an unwanted (oxide/hydroxide)
phase may have formed. The formation of amorphous aluminium oxide phases rather
than crystalline phases has been theoretically shown to be thermodynamically

favourable '*!

. The theoretical results in the literature have also been reinforced by
experimental amorphous oxide formation '**. Given that no oxide or hydroxide
phases were detected with XRD and that the maximum H; wt.% is half that of the
unwashed sample it seems likely that the washed sample contains a significant
amorphous aluminium oxide/hydroxide phase. The extent of oxide contamination

would be exacerbated by the small particle size of the synthesised AIH; nanoparticles

that provides a large surface area in which oxide formation can occur.

XRD was also performed on the desorbed unwashed and washed alane samples (see
Figure 4-23). The XRD data verifies that hydrogen desorption was complete for both
samples. No crystalline oxide or hydroxide phases are observed in the desorbed
sample XRD patterns which were taken after sample heating to 150°C. Quantitative
phase analysis results provided in Table 4-8 display the crystalline compositions of
both the unwashed and washed alane samples before and after desorption. A
comparison between the AlH; content derived from hydrogen desorption
measurements for the unwashed sample (25.0 wt.%) and the AlH;3 content from XRD
results (15.8 wt.%) reveals a disparity between the total amount of alane in the

sample and the crystalline content. These results suggest that at least 37% of the
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alane present in the unwashed sample is non-crystalline. There is no obvious
amorphous hump visible in the XRD data. However, a careful XRD study using an
internal standard (a part of future work) should be able to quantify the amorphous

portion of the sample using the Rietveld method.
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Figure 4-23: X-ray Diffraction (XRD) patterns (DY) for desorbed
AlH3 Cryo_14.3cc_60min_2vol A) before and B) after washing with nitromethane & AICl;.
Rietveld fits to the data are also displayed.
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Table 4-8: Quantitative crystalline phase results from Rietveld fits to XRD patterns given in
Figures 4-15, 4-16, and 4-23 for unwashed and washed alane samples before and after
desorption. Wt.%, crystallite sizes, and mathematical fitting uncertainties (2 standard
deviations) are provided.

Phase Crystalline Crystallite size (nm)
wt. %
Unwashed o'-AlH; 5.8+0.8 11.3+34
o-AlH; 10.0 £ 0.6 20.5+2.0
Al 2.7+0.6 7.9+26
LiCl 81.5+1.0 40.5+3.6
Unwashed — Desorbed Al 23.9+0.2 390+1.2
LiCl 76.1+0.2 81.0+6.2
Washed o'-AlH; 284+0.4 17.7+£0.6
o-AlH; 62.9+04 21.5+04
Al 8.8+0.2 223+ 1.4
Washed — Desorbed Al 100 26.1+0.2

Based on knowledge of the sample history and crystallite size trends (see Table 4-8),
information regarding alane crystallite behaviour upon washing and desorption can
be gained. A comparison between unwashed and washed samples reveals an increase
in the average crystallite size of AIH; and Al upon washing. An average crystallite
size increase may occur from two phenomena. Firstly, centrifugation preferentially
separates the largest AIH3/Al particles from solution first, and it is possible that the
smallest particles remain in solution increasing the average separated crystallite size.
Secondly, it is possible that exothermic amorphous oxide formation during the
washing procedure generated heat that promoted crystallite growth in solution.
Alternatively physical contact between AlH3/Al particles upon the removal of the salt

matrix may have also resulted in particle agglomeration and crystallite growth.

A comparison between the XRD data for desorbed samples and their precursor
materials also reveals alane crystallite behaviour. In the unwashed samples it appears
that the 2:1 volume ratio between LiCl and AIH3; may be insufficient to completely
separate the AIH; particles. Previous research ’® has required using volume ratios as
high as 10:1 to synthesise well separated particles. Consequently, during desorption
(heating to 150°C), crystallite size may increase due to both intra-particle crystallite
growth and inter-particle agglomeration. In the washed samples, there is very little
difference in the crystallite size of the Al upon heating to 150°C. Intra-particle

crystallite growth may have already occurred during the washing process and the
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amorphous oxide coating generated during this washing may hinder inter-particle

growth during heating.
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4.4 CONCLUSIONS

Alane nanoparticles were synthesised using both room temperature and cryogenic
mechanochemical synthesis. The evolution of alane production was investigated as a
function of milling time under a variety of milling conditions. Cryogenic milling was
verified to form higher yields of AlH3 and four different alane phases (a, a', 5, )
were identified in XRD structural investigations. The LiCl reaction by-product phase
was removed by washing with a nitromethane/AlCl; solution, which adversely
reacted with the AlH; nanoparticles. The hydrogen desorption kinetics were hindered
and the maximum H, wt.% was halved although no crystalline oxide or hydroxide
phases were found using XRD. Unwashed mechanochemically synthesised AlH3; was
found to desorb at room temperature over months and significantly at 50°C in a 24 hr

period.

Quantitative Rietveld results coupled with hydrogen desorption measurements
suggest the presence of an amorphous AlH; phase in mechanochemically synthesised
samples, which deserves further study to identify its structural characteristics. If
mechanochemically synthesised alane is to be successfully washed from LiCl a less
reactive solvent must be discovered that will not alter the alane particle surface.
However, alane nanoparticles without a kinetic barrier to hydrogen desorption is

extremely unstable at room temperature.
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4.5 DIRECTIONS FOR FUTURE WORK

Synthesise AIH3 nanoparticles cryogenically with very high ~10:1 LiCl:AlH3
reaction buffers to promote very small alane nanoparticle production. Ultra
small alane particles are likely to decompose more rapidly at all temperatures
(including room temperature). However, AIH; particles < 10 nm are predicted
to undergo thermodynamic changes that may allow hydrogen sorption

reversibility at pressures significantly lower than for bulk AIHs.

A reaction between the nitromethane/AlICl; solvent (used for LiCl removal)
and the AlH; nanoparticles was observed. The reaction caused restricted
kinetics and a ~50% reduction in the H, content of the sample. Although the
stabilisation is likely beneficial during room temperature storage the
likelihood of hydrogen reversibility in washed samples is low. As such, an
alternate solvent for removal of the reaction by-product phase (i.e. LiCl) must

be located which does not adversely react with AlH; nanoparticles.

Room temperature decomposition of AIH3 nanoparticles dramatically hinders
the ability to perform uniform measurements of samples synthesised under
different conditions. Samples must be analysed as soon as synthesised
otherwise room temperature H, desorption will lead to altered sample
properties. Given the kinetic restriction caused by washing samples with
nitromethane/AICl; (possibly forming an amorphous oxide layer) it may be
possible to coat the AlIH; nanoparticle with a more promising material to
restrict room temperature H, desorption. However preventing desorption may

also adversely affect the possibility of re-absorption.

The absorption of hydrogen in decomposed alane (Al) is an issue that has not
been overcome at modest pressures to date. However, in a similar note to
aluminium nanoparticle synthesis, doping nanoparticles with other metals
such as Ti or Ni may enable hydrogen sorption to proceed under modest
pressures especially at low temperatures (i.e. 77 K). Thus, high pressure
hydrogen absorption measurements should be undertaken on doped and

undoped samples at 77 K at achievable laboratory pressures up to 2 kbar.
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A high wt.% H; desorption result was obtained for a sample milled at room
temperature using incremental milling times. The step-wise milling appears
to restrict thermal energy build up during milling that in turn prevents AlH;
decomposition during milling. Further investigation into step-wise milling at
room temperature may prove beneficial towards increasing alane yields

without the need to implement difficult cryogenic milling procedures.

Results suggest the generation of an amorphous AIH; phase upon milling
under certain conditions. The analysis and characterisation of this amorphous
alane phase is important in order to understand the bonding relationship
between hydrogen and aluminium. It is possible that different
thermodynamics exist for an amorphous Al-H system that would result in an
altered sorption pressure relationship. Amorphous AlHj; has not been reported
in the literature to date, hence the need to analyse its structure, bonding, and

thermodynamic properties.
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CHAPTER 5

MAGNESIUM HYDRIDE NANOPARTICLES

“Scientific principles and laws do not lie on the surface of nature. They are hidden,
and must be wrestled from nature by an active and elaborate technique of inquiry” -
John Dewey
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5.1 BACKGROUND

Magnesium hydride (f-phase) was first synthesised in 1912 from a pyrolysis process,
although it was much later (1955) when MgH, was first synthesised from its
elemental constituents *°. Over the last 50 years a great amount of research into
MgH; has been undertaken, primarily due to its high gravimetric hydrogen storage
capacity, the abundance of Mg, and it’s relatively low cost. Much of the recent work
has been focussed on enhancing the kinetics of hydrogen sorption and attempting to

reduce the high desorption temperature **°.

5.1.1 Properties

Magnesium hydride (MgH,) has a high hydrogen gravimetric storage capacity of 7.7
wt.% and a high volumetric storage density of 111 kg H, m™. These properties meet
the DOE 2010 targets for a vehicular hydrogen storage material. There are two main
factors that prevent pure MgH, from becoming a commercial hydrogen storage

226
compound “:

1. High desorption temperatures > 300 °C for pressures > 1 bar
2. Slow kinetics of desorption and absorption

Recently the kinetic issue has been overcome by introducing catalytic oxides during
ball milling *”*** but no alterations to the thermodynamics of pure MgH, have been

experimentally achieved to date.

Certain studies presented in the literature make claims of lowering the desorption

temperature of MgH, %!

as evidenced by Differential Scanning Calorimetry
(DSC). However these studies overlook the fact that the DSC signal contains both a
thermal and kinetic component *** and in many hydride systems (including MgH,)
the onset temperature can be determined by kinetics leading to problems with this

method of thermodynamic determination .

5.1.1.1 Phases

There are three different allotropes of magnesium hydride (MgH;) that can be

formed under various conditions. The three phases refer to different crystal structures
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of MgH; and do not refer to the “alpha phase” which presents as an Mg crystal
structure with dissolved hydrogen occupying interstitial sites. It has also been
suggested *° that dissolved hydrogen may not occupy interstitial sites but instead
occupy vacancies within the Mg structure. It should also be noted that there is
differing nomenclature used in early literature regarding the MgH, phases ***. The
common phase of magnesium hydride (#MgH>) has been found to have a rutile-type
structure (P4,/mnm) with ionic binding between Mg”" and H ions **°. There are two

high pressure phases (y and 5-MgH,) ***

236

where the y-MgH, phase can be formed
during milling

5-1.

. The structural details of the different phases are presented in Table

Table 5-1: Phase information for magnesium and its hydrides *°. * at 560°C and 210 bar.

Phase Composition Space Lattice Parameters (A)
at.% H Group a b c
Mg 0 P6;/mmc 0.32093 - 0.52107
“alpha phase” 0-9* P6;/mmc 0.32093 - 0.52107
p-MgH, 66.7 P4,/mnm 0.4517 - 0.3020
y-MgH, 66.7 Pben 0.453 0.544 0.493
0-MgH, 66.7 Aba2 0.4470 - 0.4735

The dissolution of hydrogen into magnesium, forming the alpha-phase, is reported to
be an endothermic process °. The solubility of hydrogen in Mg is very small at
atmospheric pressure (up to 6x107 at.% H at 650°C) *°. Also, it has been reported by

multiple authors 7 >*%

that there was no evidence of an alpha-phase when collecting
hydrogen isotherms up to 427°C at hydrogen pressures up to 50 bar. Although, it is
evident from Table 5-1 that the alpha-phase was found in a particular study to be
significant (up to 9 at.% H) under high pressure (210 bar) and temperature (560°C)
conditions. The presence of an alpha-phase was also indicated by Stampfer et al. **°
due to different Mg-H compositions being noted at the low end turnover in
equilibrium plateaus as a function of temperature (440 - 560°C). Only one piece of
structural information reported in the literature provides a basis for the presence of
the alpha phase, and given the conflicting reports on the presence of an alpha-phase
its existence warrants further investigation *°. It is likely that different hydrogen
solubility behaviour is a function of the varied sample characteristics in each study
where there are variations in particle size, sample processing, or magnesium oxide

contamination.
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5.1.1.2 Thermodynamics

The decomposition of magnesium hydride proceeds via a crystalline phase change as

follows:
MgH, — Mg+H, (5.1)

The generally accepted thermodynamic properties for the Mg-H system were
provided by Stampfer, Jr. et al. in 1960 **° (see Table 5-2). Stampfer’s data is often
preferred due to the large number of data points collected over a wide temperature
range *° however it must be noted that the accuracy of this data is very low where
listed equilibrium pressure data varies by up to 9% at the same sample temperature.
The percentage error in pressure is lower at high temperatures but reported
equilibrium pressures still vary by an immense 3 bar at 444°C. The thermodynamic
data from a number of sources provided in Table 5-2 illustrates the wide spread in
determined decomposition reaction enthalpy (AH) and entropy (AS) data for MgH,
measured under similar temperature conditions. The large discrepancies between the
determined AH and AS values are likely a result of the poor MgH, desorption
kinetics not being adequately accounted for in some studies. If the Mg-H system
does not reach a true equilibrium pressure then the resultant thermodynamic values

calculated from these pressures will be biased.

Table 5-2: Summary of thermodynamic data for MgH, available in the literature.

Source Enthalpy (AH, Entropy (AS,
kJ/mol H,) J/mol H,/K)

Stampfer 1960 744403 1351+ 1.9

(314 —576°C)

Reilly 1968 **° 774+4.18  1383+293

(276 — 350°C)

Pedersen 1983 > -70.1 126

(303 —390°C)

Friedlmeier 1988 **! -74.7 1353

(280 —370°C)

Klose 1995 ** -81.9 146.1

(270 — 345°C)

Shao 2004 ** -75.0 135.6

(350 — 400°C)

Bogdanovié 1999 ! -74.9 135.2

(calculated at 360°C)

Bogdanovi¢ ef al. *' provide thermodynamic data for MgH, obtained from

calorimetric means in contrast to the other papers listed in Table 5-2 which obtain
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thermodynamic data using equilibrium pressure measurements. Calorimetry allows
thermodynamic data to be calculated as a function of temperature. This can be
important due to the temperature dependence of the change in enthalpy AH and
entropy AS ** that are usually assumed to be constant over the temperature range

studied with equilibrium pressure measurements.

The presence of a hysteresis effect between the absorption and desorption
equilibrium pressures in the MgH, system is reported to exist in some studies but
reported not to exist in other studies. No absorption/desorption hysteresis effects

were evident in the experimental isotherms presented by Belkbir er al. *’

or
Bogdanovié¢ et al. *'**. Pedersen er al. *** also finds no sign of hysteresis in
equilibrium plateau pressures, however notes that some hysteresis exists in low
hydrogen concentration regions. However other isotherms presented in the literature
display a broad range of different hysteresis effects between absorption and

2, all at ~

desorption equilibrium pressures (0.1 bar *% 1 bar **?*, and 4.4 bar **
350°C). The hysteresis effect is thought to originate from strain and disorder within
the MgH, lattice *°. However, it is very likely that the “hysteresis” reported is due to
slow kinetics not being adequately accounted for during thermodynamic
measurements. If each data point on a pressure-composition isotherm is collected too
quickly then the Mg-H system may not yet be at a true hydrogen pressure
equilibrium. This phenomenon results in a pressure difference between the
absorption and desorption equilibrium plateaus but is not related to hysteresis. For
example, Shao et al. *** present pressure-composition isotherms (PCI’s) that appear
to be severely affected by kinetics. The PCI curves display large amounts of
“hysteresis” that could simply be due to inadequate measurement time. The kinetic
plots included therein do not reach equilibrium and it is not clear whether true
equilibrium was met. Other PCI features such as shortened equilibrium plateaus at
low temperatures also indicate that true equilibrium may not have been met. These
features could be due to the slower kinetics at low temperatures and the slower

kinetics at extreme hydrogen to metal ratios not being accounted for adequately.

No definitive proof of the differentiation between real hysteresis and kinetic

restrictions is given in the literature, such as kinetic curves measured over very long

242,246

time scales. In fact, many of the sources that report significant hysteresis only
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present kinetic data collected over short time scales (< 60 minutes) where it is
apparent that sorption has not yet completely ceased. Kennelly et al. **’ reports that
several days were required to reach complete equilibrium for each data point in a

Mg-H isotherm. Gerasimov et al. **

provides an analysis of the hysteresis effects
reported in the literature for the Mg-H system. They conclude that the hysteresis
effect is an apparent phenomenon in the Mg-H system which is due to hindered
nucleation at hydrogen pressures close to the equilibrium during absorption. The

d ** to be more severe with small Mg crystallite sizes,

apparent effect is also reporte
which may explain the spread of reported hysteresis effects in the literature.
Desorption equilibrium pressures reflect the true equilibrium, given kinetics are still
adequately accounted for, because desorption is not affected by the hindered

nucleation phenomenon.

The fugacity is often assumed to be equal to pressure due to the small deviation from
the ideal gas law at low pressures. However, for the equilibrium measurements at
360°C provided in Section 5.3.1 the difference between the measured pressure and
the fugacity was of a similar magnitude to the uncertainty in the measured pressure.
Consequently all measured pressures were converted to their fugacities using
Equation 1.4 in order to provide higher accuracy thermodynamic data. The
requirement for using fugacity in determining thermodynamics from a van’t Hoff
plot is especially important when dealing with higher pressure data. For example,

S 2 to account for the

Stampfer, Jr. et al. *° utilizes the Beattie-Bridgeman EO
compressibility of hydrogen and to calculate the fugacity of hydrogen at given
pressure and temperature. Stampfer’s pressure data extends up to ~280 bar where the
compressibility of hydrogen is vital in determining accurate fugacity values.
Reprocessing Stampfer’s pressure data reveals that the fugacity values that were
calculated using the Beattie-Bridgeman EOS do not match fugacities calculated
using more recent EOS models '**'%°
reported AH and AS values from 74.4 + 0.3 kJ/mol H, and 135.1 + 1.9 J/mol H,/K to

76.2 + 1.1 klJ/mol H, and 137.4 + 1.4 J/mol Hy/K respectively. The reported

. The disparity leads to a change in Stampfer’s

uncertainties were calculated using a weighted least squares method (given in
Section 5.3.2). Given the large ~2% difference in calculated AH and AS values by

using different EOS models it can be seen that an accurate fugacity is essential in
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determining accurate thermodynamics from a van’t Hoff plot, especially with high

measured pressures.

Reilly & Wiswall * also calculate the decomposition thermodynamics of the Mg-H
system as shown in Table 5-2. Although they report that the enthalpy and entropy are
converted to 25°C, reprocessing their data shows that these thermodynamic
properties are in fact not converted and are valid at their temperature range mid-point
(313°C). Reprocessing of Reilly’s raw pressure data instead using fugacity also
results in different enthalpy and entropy values (AH = 78.8 kJ/mol H, and AS =
140.9 J/mol H,/K) than those originally reported in Table 5-2.

5.1.1.3 Kinetics

The kinetics of hydrogen sorption in the Mg system have been described by
numerous sources in a contradictory fashion, although the kinetics of hydrogen
sorption in pure Mg are generally thought to be very poor **°. Hydrogen absorption
into bulk Mg particles is often described to be limited due to the generation of a
MgH, layer upon a Mg core *°. The presence of a MgH, layer restricts hydrogen
absorption because of the very slow diffusivity of hydrogen through MgH, (D = 1.55

x 1071 m?/s) 25",

A large range of metal oxides (0.2 mol.%) have been milled with MgH, providing an
enhancement to the kinetics of both desorption and absorption ***. Given that the best
kinetic results were obtained from transition metal oxides (that can take different
valence states) it was concluded that the electronic structure of the catalysts play a
crucial part in improving kinetics **2. Extremely fast kinetics were achieved when a

Nb,Os catalyst was used 227,253

where more than 6 wt.% absorption occurred in 60
seconds and 6 wt.% desorption was achieved in 500 seconds at only 250°C. The
Nb,Os work supports the claim that oxide catalysts lead to an improvement in the
electronic exchange reaction with the hydrogen molecules, hence enhancing kinetics.
The use of metal oxide catalysts has provided a solution to the kinetic issues that

have hindered the Mg-H system for many years.

The use of MgO as a catalyst to improve the hydrogen sorption properties of Mg has
also been studied in detail 254, where kinetic benefits were found to be similar to

transition metal oxide catalysts. Creating an oxide-free Mg surface is incredibly
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difficult because magnesium reacts 100 times faster with oxygen in comparison to Al

% 1t has been shown >*°

that Mg and MgH, powders that are handled within a
“clean” argon environment are immediately coated with a 3 — 4 nm oxide layer that
acts to minimise further oxidation. Although magnesium oxide barriers have been
noted to inhibit hydrogen sorption **° partially reduced oxides have been shown to

act as catalytic sites for hydrogen sorption %275,

Gerasimov et al. **® stated that an apparent hysteresis effect is often observed in sub-
micron scale Mg/MgH, powders due to hindered nucleation during hydriding at
pressures close to equilibrium. However it is noted *** that the decomposition
equilibrium represents the real equilibrium as the desorption process is not limited by
poor nucleation. Many researchers do not appear to wait long enough during sorption
studies to determine the true equilibrium of the Mg-H system. The problem is
exacerbated by the fact that kinetic data is often not presented along with

thermodynamic studies of the Mg-H system.

5.1.2 Synthesis

Much of the literature focuses on synthesising Mg and Mg-based alloys by ball
milling due to its simplicity and cost effectiveness. Ball milling is primarily used to
increase the kinetics of hydrogen sorption on the as-milled product by **°: creating
clean oxide-free surfaces, increasing surface area, forming micro/nanostructures, and
creating lattice defects. The Mg is then hydrided under pressure, at temperature, after
milling. Other work involves ball milling Mg under a hydrogen atmosphere in order
to mechanochemically synthesise MgH, during milling *****’. Only a relatively small
percentage of the literature deals with pure MgH, samples, whereas most studies

focus on alloys and intermetallic Mg compounds.

There are also several novel techniques that have been used to synthesise bulk-scale
magnesium hydride in the literature. For example magnesium hydride whiskers (< 1
um in diameter) have been synthesised by chemical vapour deposition (CVD) under
a 40 bar hydrogen atmosphere **. Thin films (200 nm) of Mg have also been
synthesised using a sputter coating technique in order to study the effect of

crystallisation on hydrogen sorption properties > .
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5.1.2.1 Nanoscale Systems

Recent theoretical work ** suggests that a reduction in Mg particle size below 10 nm
can result in thermodynamic instability of magnesium hydride hence altering its 1
bar equilibrium sorption temperature (7;5,) Where this destabilization becomes

significant for particles below 3 nm in size **°260-2¢!

. As a result of the promising
theoretical investigations a number of recent attempts have been made to

experimentally synthesize Mg or MgH, nanoparticles in this size regime.

Magnesium metal nanocrystallites < 5 nm have been formed within a nanoporous
carbon matrix using a melt infiltration technique **>. The Mg particle size is likely a
function of the size of the carbon pores. The presence of Mg with particle sizes less
than 10 nm is likely as BET results show a number of pores present with diameters
less than 10 nm. XRD does not detect any Mg peaks at 10 wt.% loading which is an

indication of either very small or amorphous Mg. More recent work 2*

involves first
“wetting” the a porous carbon with Ni or Cu before melting Mg into the carbon host
in order to improve Mg uptake. No thermodynamic changes were found from
hydrogen sorption results from the Mg nanoparticles within the carbon host (inferred
to be 13 nm from the carbon pore size distribution). However, the accuracy of the

Sieverts apparatus used in this work is not very high and would likely only resolve

drastic changes in the thermodynamics of the Mg-H system.

The formation of MgH, embedded within a carbon aerogel scaffold has also been
undertaken by means of deposition of a dibutylmagnesium precursor ***. The
impregnated material was hydrogenated under ~50 bar at 170°C to form MgH,
whilst reaction by-products were extracted by filtration and evacuation. The two-
phase system displayed very fast hydrogen sorption kinetics attributed to the fact that

MgH; particles were oxide-free and nanoscopic.

Magnesium metal nanoparticles have also been synthesised wusing a

: . 265
sonoelectrochemical technique

. TEM shows evidence of some 4 nm particles,
however XRD reveals that on average the sample consists of particles with crystallite
sizes greater than 20 nm. Much larger particles (~ 70 nm) are also shown in SEM

micrographs that are not shown to be aggregates of smaller particles.
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Recently an electrochemical method has also been used to synthesise a colloid
containing 18 wt.% Mg nanoparticles (5 nm) stabilised by tetrabutylammonium
bromide (TBA) *°. After hydriding, the material displayed a hydrogen desorption
pressure of 0.3 kPa at just 85°C (40 times higher than bulk MgH,). However, it
appears as though the increased pressure (a result of destabilised thermodynamics) is
not due to the MgH, particle size as claimed by the authors, but in fact due to a
chemical reaction between the Mg and the ammonium salt. Such large changes in the
thermodynamics of hydrides have been observed for AlHsz-adduct systems (see

Section 4.1.1.8).

Although many techniques have been utilised to synthesise nanoscopic Mg and
MgH, there have been no experimental measurements that indicate alterations of the
thermodynamics in the Mg-H system with particle size. Thus, the synthesis of MgH,
nanoparticles and thermodynamic measurements were performed in the present

work.
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5.2 MECHANOCHEMICAL SYNTHESIS

Mechanochemical synthesis was chosen as the MgH, synthesis process due to the
ability to control particle size by addition of a LiCl reaction buffer. The aim of using
LiCl as a reaction buffer is not to produce a new hydrogen storage material
comprising MgH, and LiCl but to produce separated nanosized particles of MgH, for
which the thermodynamics can be compared to theoretical predictions. A
mechanochemical process was constructed in order to synthesise magnesium hydride

nanoparticles as follows:

MgCl, + 2LiH—>MgH, +2LiCl 4G, = —72.8 kJ/mol

(5.2)
4G, = —70.5kJ/mol

The reaction between LiH and MgCl, was undertaken by Ashby & Schwartz in 1971
within a tetrahydrofuran (THF) solvent **”. The reaction was only found to progress
at elevated temperature and not at room temperature. However Reaction 5.2 is
thermodynamically viable at room temperature where the Gibbs free energy of
reaction (AG) is negative. The synthesis reaction unfortunately has a very low Gibbs
free energy of reaction which is a measure of the tendency for the reaction to
proceed. Consequently, the Gibbs free energy also has an impact on the speed of the
reaction. As such room temperature milling times during synthesis were set at 18 hrs,
much longer than the milling times for both the Al or AlH; mechanochemical

synthesis reactions that had much higher AG’s of reaction.

In order to synthesise MgH, particles of different sizes, four samples of MgH, were
produced using various amounts of LiCl buffer added to the starting reagents. The
amount of LiCl added for each sample corresponded to 0 (MgH»-A), 1.05 (MgH,-B),
2.62 (MgH,-C) and 6.82 (MgH,-D) moles of LiCl added to the left hand side of
Reaction 5.2. Samples were synthesised by milling at both room temperature and
cryogenically at 77 K as shown in Table 5-3. Samples synthesised at room
temperature were preferentially investigated due to the sample reaction
completeness. Long milling times are impractical for samples that are cryogenically
synthesised and as such Reaction 5.2 does not proceed to completion under short

milling times.
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Table 5-3: Summary of MgH, sample details. B:P and R:P are the ball to powder and rod to
powder mass ratios respectively. Equal numbers of different sized balls were used. Volume
ratios refer to final reaction products.

Sample Name Milling Time B:P/ Volume Ratio  Ball and Canister
Temp. (K) (min) R:P (LiCl:MgH,) Sizes
MgH,-A 298 1080  90:1 2.21:1 7.938 & 12.7 mm
MgH,-B 298 1080  90:1 3.37:1 7.938 & 12.7 mm
MgH,-C 298 1080  90:1 5.10:1 7.938 & 12.7 mm
MgH,-D 298 1080  90:1 9.79:1 7.938 & 12.7 mm
MgH,-Purchased 298 1080 90:1 N/A 7.938 & 12.7 mm
MgD,-A 298 1080  90:1 2.21:1 7.938 & 12.7 mm
MgD,-B 298 1080  90:1 3.37:1 7.938 & 12.7 mm
MgD,-C 298 1080  90:1 5.10:1 7.938 & 12.7 mm
MgD,-D 298 1080  90:1 9.79:1 7.938 & 12.7 mm
MgH,-A-cryo 77 60 32:1 2.21:1 14.3 cm’
MgH,-B-cryo 77 60 32:1 3.37:1 14.3 cm’
MgH,-C-cryo 77 60 32:1 5.10:1 14.3 cm®
MgH,-D-cryo 77 60 32:1 9.79:1 14.3 cm’

5.2.1 Room Temperature Milling

The mechanochemical synthesis of MgH, was undertaken according to Reaction 5.2
by means of ball milling at room temperature. Table 5-3 outlines the milling
conditions used for each of the samples synthesised using different quantities of LiCl
buffer. The LiCl by-product phase in mechanochemically synthesised MgH, samples
is expected to form an agglomeration barrier, minimizing particle growth during
thermodynamic investigations when samples are heated up to 360°C. All reagents
were ball milled separately for 3 hours at a ball-to-powder ratio of 30:1 prior to use,
as reducing the grain size of the starting reagents has been shown to accelerate the

kinetics of mechanochemical reactions ’°.

Synchrotron XRD data for each of the pre-milled reagents is provided in Figure 5-1
with experimental details provided in Section 2.2.3. The MgCl, XRD pattern
displays a large degree of asymmetric peak broadening, most likely a result of
deformation of the crystal structure during milling. The MgCl, crystal structure
contains planes (see Figure 5-1B inset) that can easily shear free during milling,
causing irregular crystal structure deformation, resulting in asymmetric peak
broadening. Both the LiH and LiCl XRD patterns still display relatively sharp peaks
even after milling for 3 hours. The sharp peaks are indicative of large crystallites
suggesting that longer milling times could help to further reduce the crystallite size in
future work. Large crystallites are present after milling due to the very large initial

particle size of the as received starting reagents. As-received LiH had a -30 mesh size
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(< 600 um) and as-received LiCl had a -10 mesh size (< 2000 um). Large initial
particle sizes indicate that much longer milling times are required to grind the

reagents effectively.
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Figure 5-1: X-ray Diffraction (XRD) patterns (Australian Synchrotron) from pre-milled
starting reagents A) LiH, B) MgCl,, and C) LiCL The crystal structures are displayed as insets.
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XRD patterns for MgH,-A, MgH,-B, MgH,-C, and MgH,-D are displayed in Figure
5-2. Synchrotron XRD data was collected because of poor minor phase detection
with laboratory based XRD. The MgH, phase is dilute in MgH,-D and was not
detected with laboratory XRD. Synchrotron XRD was imperative in allowing for
MgH, crystallite size determination. The XRD pattern for MgH,-A reveals only
MgH; and LiCl (Figure 5-2A). No starting reagents are detectable. As expected, the
MgH; peak intensities decrease for subsequent samples as the amount of LiCl buffer
added to the initial starting reagents increases. The XRD patterns for MgH,-A,
MgH,-B and MgH,-C show a minor unknown peak at d = 0.3142 nm which is
expected to be a minor reagent impurity phase that was not detected by laboratory
based XRD. The unknown peak did not match any phase that consisted of elements

within the starting reagents.
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Figure 5-2: X-ray Diffraction (XRD) patterns (Australian Synchrotron) from A) MgH,-A, B)
MgH,-B, C) MgH,-C, and D) MgH,-D. Rietveld fits to the data are displayed.
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A peak in Figure 5-2 at d = 0.2075 nm is clearly discernable in MgH,-D and was
attributed to 316 stainless steel, a minor contaminant from the ball milling canister.
The presence of stainless steel phases such as Fe will not adversely affect
thermodynamic investigations. All of the MgH, samples, including the bulk
reference (MgH,-Purchased), were all milled under identical conditions for the same
length of time. Therefore similar levels of any contaminants from the ball milling
equipment will be present in all samples. No thermodynamic changes have been
reported in the literature for the multitude of Mg samples that have undergone ball
milling in the past, and hence been introduced to stainless steel impurities. Any
kinetic enhancement due to contamination is irrelevant as hydrogen measurements
are collected until final equilibrium is reached regardless of the decomposition rate.
Furthermore, the possibility of an Mg,FeHy intermetallic forming is not supported by
XRD results and its presence would not affect MgH, thermodynamic investigations

due to the low hydrogen equilibrium pressure of Mg,FeHs, half that of MgH, 2.

The MgH, crystallite sizes were determined from Rietveld analysis as shown in
Table 5-4. The MgH, phase becomes increasingly dilute as a consequence of LiCl
buffer addition. The average LiCl crystallite size also grows as a function of LiCl
buffer. Samples with high buffer quantities display larger LiCl crystallite sizes as the
crystallites from purchased LiCl are larger than those formed in the
mechanochemical reaction. A reduction in the MgH, crystallite size with increasing
buffer is also evident from the Rietveld results. The crystallite size does not change
significantly between samples, however this is not a measure of the MgH, particle
size which cannot be determined from XRD.

Table 5-4: Rietveld fitting results for mechanochemically synthesised MgH, XRD patterns given
in Figure 5-2. Mathematical fitting uncertainties are provided (2 standard deviations).

Phase Wt % Crystallite size (nm)
MgH,-A  MgH, 10.9+£0.2 10.0+£0.2
LiCl 89.1+0.2 12.8+0.2
MgH,-B MgH, 83+0.2 7.6+0.2
LiCl 91.7+£0.2 18.8+£0.2
LiCl 94.8+0.2 19.6£0.2
MgH,-D  MgH, 1.9+0.2 6.7+0.6
LiCl 98.1£0.2 22.5+0.2
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As a result of the inability to detect minor light element phases, quantitative phase
analysis from XRD diffraction may prove unreliable in measuring the extent to
which Reaction 5.2 is complete in mechanochemically synthesised samples.
Consequently, hydrogen sorption measurements were performed to determine the
MgH, content in each sample. The samples were placed in a manometric hydrogen
sorption apparatus, without exposure to air, and out-gassed at 300°C under vacuum
for 24 hours. This temperature is insufficient to remove hydrogen from any unreacted
LiH and therefore the subsequent hydrogen absorption can be attributed solely to
Mg. In considering the extent to which Reaction 5.2 had gone to completion during
ball milling for each sample, the fact that the starting reagent, LiH, had only 95%
purity must be considered. From the hydrogen sorption measurements it was found
that for MgH,-A, MgH,-B, MgH,-C and MgH»-D the reaction was 94.5, 84.9, 82.2
and 78.1% complete, respectively (uncertainties are £ 0.5%). The decrease in the
extent to which Reaction 5.2 is complete is an expected consequence of the dilution
of the starting reagents, LiH and MgCl, which hinders reagent contact and thus

reaction kinetics.

Neutron diffraction (ND) was undertaken in addition to synchrotron XRD in an
attempt to provide larger diffraction peaks for the magnesium hydride nanoparticles,
allowing for more accurate crystallite size information. Different diffraction peak
intensity profiles result from ND in contrast to XRD due to the different interactions
that neutrons and x-rays have with matter. This phenomenon can allow light-element
phases to be more easily identified with diffraction as in the case of a low
concentration magnesium hydride phase. It is unfortunate that hydrogen produces a
large incoherent scattering background in neutron diffraction patterns as MgH,
contains significant quantities of hydrogen. Thus deuterated samples (MgD,) were
prepared replicating the MgH, nanoparticle synthesis procedure (see Table 5-3),
utilising a LiD (98 at.% D, Sigma Aldrich) starting reagent instead of LiH.

Neutron diffraction patterns were collected for each of the mechanochemically
synthesised MgD, samples as shown in Figure 5-3 where experimental details are
provided in Section 2.2.4. It is evident that the MgD, phase produces a more intense
diffraction pattern than MgH, did in the synchrotron diffraction pattern (Figure 5-2).

However the instrument peak broadening in the neutron diffraction patterns
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significantly affects the MgD, diffraction peaks and in the case of MgD,-D it
effectively smears the peaks into the background. Longer data collection times didn’t

improve the resolution but only acted to slightly improve the signal to noise ratio.
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Figure 5-3: Neutron Diffraction (ND) patterns (ANSTO: Wombat) from A) MgD,-A, B) MgD,-
B, C) MgD,-C, and D) MgD,-D. Rietveld fits to the data are displayed.

A Rietveld analysis was performed on the neutron diffraction data as shown by the
fits to the data in Figure 5-3 and the quantitative phase information is provided in
Table 5-5. The instrument profile used in Rietveld analysis was generated from an
alumina standard over a given d-spacing data range (see Section 2.2.4). The MgD,
samples were only modelled over the d-spacing data range (given in Figure 5-3) that
was modelled by the instrument function. Neutron diffraction patterns for different
isotopes can have very different peak intensity profiles. As such, a ratio between °Li-
and "Li-based LiCl (7.6% °Li natural abundance) had to be implemented during
Rietveld analysis to provide a better fit to the LiCl peak profiles. However it can be
seen that the Rietveld fit to the LiCl phase in the MgD,-A ND pattern is not very

good. The reason for this poor LiCl fit is not yet known, however it is not expected to
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greatly impact the quality of the MgD, refinement. The LiCl peaks in MgD»-B,
MgD,-C, and MgD,-D were also modelled using two different LiCl phases with
different crystallite sizes as these samples contain both mechanochemically
synthesised LiCl (LiCl-synth) and LiCl present as a buffer (LiCl-buffer). In order to
constrain the large number of correlated variables regarding the LiCl phases, a fixed
ratio between LiCl-synth and LiCl-buffer was implemented that was equal to the

theoretically calculated ratio. All other parameters were refined.

It should be noted that although the fits to the ND data in Figure 5-3 look relatively
good, a high level of correlation between fitted parameters exists, especially in the
case of the LiCl phase. The problem arises due to the low number of peaks that are
fitted with functions containing a high number of variables. This issue is much more
significant in Rietveld analysis of the ND data than in the XRD data due to the added
complication of isotopic diffraction variation, in addition to the extra consideration
of dual LiCl phases in MgD,-B, MgD,-C, and MgD,-D. The difficulty in achieving a
realistic fit to the data is also exacerbated by the fact that the instrument broadening
is so severe, resulting in a dominant cause of peak broadening. Due to these concerns
it must be noted that the Rietveld results from XRD (Table 5-4) are more reliable
than those determined by ND (Table 5-5). The reliability is also reflected in the
mathematical fitting uncertainties provided, which are often an order of magnitude
larger for the ND Rietveld results.

Table 5-5: Rietveld fitting results for mechanochemically synthesised MgD, ND patterns given
in Figure 5-3. Mathematical fitting uncertainties are provided (2 standard deviations).

Phase Wt. % Crystallite size (nm)
MgD,-A  MgD, 11.9+1.2 73+1.1
LiCl-synth 844+1.3 10.3+3.6
LiD 37+£04 48.1+£35.2
MgD,-B  MgD, 10.9+0.9 5.4+0.6
LiCl-synth 58.1+£0.8 62+1.2
LiCl-buffer ~ 30.5+0.6 304+144
LiD 0.6+0.2 -
MgD,-C  MgD, 6.1+£09 43+0.7
LiCl-synth 40.6 0.8 70+£3.6
LiCl-buffer =~ 53.1+0.9 11.5+19
LiD 02+0.2 -
MgD,-D  MgD, 2.1£1.0 39+£2.0
LiCl-synth 22.0=+1.0 -
LiCl-buffer =~ 75.6+1.3 9.8+0.9
LiD 02+02 -
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The MgD; crystallite sizes determined from ND are consistently in the order of 60-
70% of the MgH, crystallite sizes determined from XRD. The variation may be due
to the difference in forming deuterated magnesium hydride nanoparticles by a
mechanochemical synthesis process. It should be reiterated that the MgD, crystallite
size has no impact on the MgD, particle size. Although in MgD,-D it is expected that
the particle size does approach the crystallite size due to the large amount of LiCl
buffer used that restricts particle agglomeration during milling. The quantitative
MgD; wt.% values (from ND) are typically equivalent to the MgH, wt.% values
(from XRD) within uncertainty, illustrating that the mechanochemical reactions both
progress to a similar level of completion. A LiD phase was also found in ND data, an
indication of an incomplete mechanochemical reaction. LiD was not found in XRD
due to the low level of scattering from such a light element phase using x-rays,
however neutrons are much more sensitive to Li and D and as such high intensity

LiD peaks are present in the ND pattern.

Transmission electron microscopy (TEM) investigations were undertaken for each of
the mechanochemically synthesised samples that were milled with different
quantities of LiCl buffer. TEM allows for particle size determination in comparison
to crystallite size results from diffraction. MgH, particle size is crucial given the
theoretical predictions linking particle size to the Mg-H system’s thermodynamic

properties.

TEM micrographs for MgH»-A (2.21:1 LiCl:MgH, volume ratio) are provided in
Figure 5-4. MgH,-A primarily showed large geometrical particle shapes (typically
hexagons) 1 to 2 pum in size. The large geometrical structures, which were initially
dark, showed a steadily increasing light band over time around the outer edge on
exposure to the electron beam (Figure 5-4A & B). This effect ceased after some
minutes. The growth of the light band suggested that these micron sized particles are
MgH, that underwent hydrogen desorption under the beam. The large hexagonal
particles were polycrystalline where each individual crystallite is generally less than

50 nm as shown in Figure 5-4C & D.
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Figure 5-4: Representative Transmission Electron Microscope (TEM) micrographs of MgH,-A.
The sample primarily consisted of A & B) hexagonal particles that were polycrystalline,
consisting of C & D) many smaller crystallites.

MgH,-B showed no large geometrical shapes such as those in MgH,-A. Typical
morphologies (Figure 5-5) consisted of aggregates of irregularly shaped particles 15 -
40 nm in size. Time lapse TEM images showed that some particles within the
aggregates changed under the electron beam over the course of several minutes.
These particles, however, maintained their morphology. It is likely that the MgH, is
decomposed under the high energy electron beam causing visible changes in the

particle morphology over time.
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Figure 5-5: Transmission Electron Microscope (TEM) micrographs of MgH,-B. The images
form a time sequence where the sample was exposed to the beam for A) 0 minutes, B) 2 minutes,
C) 10 minutes, and D) 12 minutes.

MgH,-C primarily comprises of a single morphology (Figure 5-6A & B) consisting
of well dispersed 12 — 20 nm particles. Given the average MgH, crystallite size from
XRD is 6.7 nm, it is suggested that each particle in MgH,-C consists of several
crystallite domains. Some particles were found separated from the LiCl matrix
(Figure 5-6C) that were the same size as those within the matrix. However when
separated from LiCl the MgH, is very unstable under the electron beam and

decomposes completely in less than 1 minute (Figure 5-6D).
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Figure 5-6: Representative Transmission Electron Microscope (TEM) micrographs of MgH,-C.
The sample primarily consists of A) & B) well dispersed MgH, particles in a LiCl matrix.
However some particles were C) found separated from the matrix that disappeared under the
beam D) after 1 minute.

Energy dispersive spectroscopy (EDS) was undertaken in particular regions of
MgH,-C that displayed different electron contrast as shown in Figure 5-7. The EDS
data shows that brighter regions investigated using TEM are typically chlorine-rich
(from LiCl) and darker regions are typically magnesium-rich (from MgH). It should
be noted that both hydrogen and lithium are not identified using EDS due to their low
number of electrons. Contrast variation can also be related to sample thickness and
not just phase variation, however given the thin nature of the regions investigated it

is expected that phase contrast is dominant.
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Figure 5-7: Energy dispersive spectroscopy (EDS) patterns from two regions of MgH,-C. TEM
insets are provided displaying the regions of interest.

MgH,-D is largely homogenous but does show some recognisable particle
morphology (Figure 5-8A & B). The white arrows in Figure 5-8 identify MgH,
particles approximately 7 nm in size. The particles are difficult to discern due to the
sample thickness but TEM imaging of thin sample regions resulted in rapid sample
decomposition. High magnification TEM identified lattice fringing regions that
extended for 2 — 4 nm (Figure 5-8C & D) suggesting very small MgH, crystallites
were synthesised where lattice fringing was limited to the MgH, Akl = 020 plane.
EDS data collected in regions with high levels of lattice fringing also displayed high
levels of magnesium similar to the EDS pattern for MgH,-C provided in Figure
5-7B. It is interesting that only one crystal plane for MgH, could be discerned from
TEM. It may be possible that there is MgH, crystal growth along a preferred

crystallographic axis in the mechanochemically synthesized nanoparticles.

It should be noted that there is a reasonable correlation between the crystallite sizes

determined from TEM lattice fringing for sample MgH,-D with those determined
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from XRD even though TEM provides number-weighted crystallite size and XRD
provides volume-weighted crystallite size '°*. The correlation between the crystallite
size for MgH, from XRD (6.7 nm) and the particle size from TEM (~7 nm) is
excellent. The result suggests that the MgH, particles are primarily single crystals
given that the average particle size cannot be smaller than the average crystallite size.
Therefore the particle morphology seen during TEM investigations is representative
of the average particle structure throughout the sample. This is in contrast to other
results for Mg metal nanoparticles in the literature *** where XRD crystallite size is

almost an order of magnitude larger than the reported TEM crystallite size.

Figure 5-8: Representative Transmission Electron Microscope (TEM) micrographs of MgH,-D.
The sample consists of A) & B) a homogenous morphology with single MgH, particles (~7 nm)
indicated by the white arrows. C) & D) Lattice fringing from MgH, was evident with crystallite
domains from 2 — 4 nm.
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MgH,-Purchased (used as a bulk MgH, standard) was analysed by XRD before and
after ball milling for 18 hours as shown in Figure 5-9. Quantitative phase analysis
results are provided in Table 5-6 from the Rietveld fits to the data. Before milling the
MgH,, XRD peaks are quite narrow due to its large crystallite size (152 £+ 4 nm),
however after milling the peaks are very broad due to the reduction in crystallite size
(~ 6 nm). Even though the MgH, crystallite size for MgH,-Purchased was
determined to be nanoscopic the particle size in the purchased sample is likely even
larger than particles in MgH,-A (1 — 2 pm), due to particle agglomeration during
milling when no buffering agent is present. The quantitative phase analysis results in
Table 5-6 show that the wt.% of MgH, remains constant after milling. However,
upon milling, some of the MgH; undergoes a phase transition from the f-phase to the
y-phase. The production of the y-MgH, phase has been found previously after
mechanically alloying MgH, with other metals 269 The Rietveld fit to the XRD data
for MgH,-Purchased does not adequately model the peak intensities from the y-MgH,
phase. This may be due to preferential cleavage along particular y-MgH, crystal
planes during milling. Minor traces of both Mg and MgO are present in the sample
due to the purity (= 96.5%) of the as-received MgH, reagent.

Table 5-6: Rietveld fitting results for the ball milled, purchased MgH, XRD pattern given in
Figure 5-9. Mathematical fitting uncertainties are provided (2 standard deviations).

Phase Wt. % Crystallite size (nm)
MgH, (as received)  p-MgH, 93.5+0.4 152+ 4

(P4,/mnm) ***

Mg 3.7+0.1 245+ 92

MgO 2.8+04 3.8+0.8
MgH,-Purchased p-MgH, 792+1.4 6.4+0.2

(P4,/mnm) ***

7-MgH, 13.8+1.2 55+0.6

(Pben) 24

Mg 1.3+£04 18.3£9.2

MgO 5.6+1.0 34+0.8

Table 5-7 provides an overview of the crystallite and particle size information
obtained from XRD and TEM for each of the mechanochemically synthesised MgH,
samples as well as the milled purchased sample. The average MgH, crystallite size
does decrease with increasing buffer (MgH,-A — MgH,-D) however the change is
very minor. It should be also noted that the crystallite size of MgH,-Purchased is also
equivalent to the samples mechanochemically synthesised. However, it is the particle

size that is of greatest importance. TEM results demonstrate that a dramatic reduction
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in MgH, particle size occurs when samples are mechanochemically synthesised with
large LiCl buffers. The particle size of MgH»-D (~7 nm from TEM) is within the
range that thermodynamic changes in the Mg-H system are predicted (< 10 nm, see

Section 1.4.2).
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Figure 5-9: X-ray Diffraction (XRD) patterns (D8) for MgH,-Purchased A) before and B) after
ball milling. Rietveld fits to the data are also displayed.
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Table 5-7: Summary of MgH, particle and crystal size information as determined using TEM
and XRD. *only crystallites could be discerned from the homogenous sample. Mathematical
fitting uncertainties are provided (2 standard deviations).

TEM average XRD average

particle size crystallite size
MgH2-A 1-2um 10.0£0.2 nm
MgH2-B 15 -40 nm 7.6 0.2 nm
MgH2-C 12 -20 nm 6.7+ 0.4 nm
MgH2-D 2—7nm* 6.7+ 0.6 nm
MgH2-Purchased N/A 6.4+ 0.2 nm

5.2.2 Cryogenic Milling

The cryogenic mechanochemical synthesis of MgH, was undertaken according to
Reaction 5.2 by milling at 77 K. All reagents were cryogenically milled separately
for 30 minutes prior to use. Characterisation of the milled reagents was performed

using synchrotron XRD as shown in Figure 5-10.

The XRD results for the cryogenically pre-milled reagents are similar to those for
reagents milled at room temperature (as displayed in Figure 5-1). The LiH and LiCl
reagents display relatively sharp XRD peaks, indicative of large crystallites, for both
room temperature and cryogenic milling. The MgCl, XRD patterns differ between
the different milling conditions, where the cryogenically milled MgCl, presents
broader peaks indicating that smaller crystallites have been generated. In fact, the
cryogenically milled MgCl, XRD pattern displays extremely broad peaks indicating

that there is a significant amount of structural deformation in the crystal structure.

XRD results for each of the samples cryogenically milled with different quantities of
LiCl buffer (given by Table 5-3) are presented in Figure 5-11.

The XRD results indicate that the starting reagent phases (MgCl, & LiH) are still
present in the as-milled samples, although dilution with LiCl does hinder
identification of these phases in high buffer samples. It is evident that cryogenically
milling for 1 hour does not allow adequate time for Reaction 5.2 to progress.
Cryogenic milling requires at least 5 litres of liquid nitrogen to be added to the mill
every half hour, leading to impracticality in any cryogenic milling runs that approach
the milling times undertaken during room temperature milling. Given the labour

intensive nature of cryogenically milling for very long periods of time, room
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temperature milling was identified as the most practical mechanochemical synthesis

pathway.
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Figure 5-10: X-ray Diffraction (XRD) patterns (Australian Synchrotron) from cryogenically
pre-milled starting reagents A) LiH, B) MgCl,, and C) LiClL
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Figure 5-11: X-ray Diffraction (XRD) patterns (Australian Synchrotron) from A) MgH,-A-cryo,
B) MgH,-B-cryo, C) MgH,-C-cryo, and D) MgH,-D-cryo.

5.2.3 Washing

In order to synthesise pure MgH, nanoparticles the LiCl salt by-product must be
removed. The removal of the salt is generally undertaken by a washing procedure
with a solvent that is able to dissolve LiCl and is unreactive towards MgH,. It is
expected that removal of the LiCl buffer would result in significant MgH,
agglomeration especially when the nanoparticles are heated to decomposition

temperatures (~300°C).
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Initially the mechanochemically synthesised MgH, nanoparticles embedded in LiCl
were washed with a nitromethane/AlCl; solution, as was undertaken with Al and
AlH; (see Sections 3.2.2 & 4.2.3.2). However, significant gas evolution was
observed upon addition of the MgH,/LiCl sample to the nitromethane/AlCl; solvent.
In addition, no MgH, was present after the washing process was taken to completion.
The lack of a MgH, product must be a consequence of either MgH, solubility or
reactivity in the nitromethane/AlCl; system. A similar problem arose when a
toluene/AlCl; solvent was used to dissolve LiCl from the mechanochemically
synthesised MgH,»/LiCl sample. Although no reaction was observed between the
sample and the toluene/AlICl; solvent, after washing was complete it also appeared as
though MgH, had dissolved into solution. It may be possible that the MgH,
nanoparticles remained suspended in solution and would not separate with

centrifugation, however they were not visible.

Tetrahydrofuran (THF) was also tested as a solvent in washing LiCl from MgH,, due
to the fact that MgHs is reportedly insoluble ", however it was found to be highly
reactive with THF causing bubbling and fizzing when placed into solution. Mg metal

has been treated with THF in a study by Au *”'

. Although it appears as though the
Mg does not adversely react with THF, once the sample is hydrided a destabilised
hydride product is evident from a pressure composition isotherm at 400°C. Au’s
XRD data for the hydrided sample also displays significant broad peaks suggesting a
large quantity of MgO may be present in addition to an unknown compound that was
tentatively identified as a Mg-THF-Hx complex. These results indicate that MgH,

does in fact interact with THF, at least at high temperature.

In order to synthesise a washed nanoparticle product, given the difficulties in
washing MgH,, the magnesium hydride was first desorbed under vacuum at 360°C
for 48 hrs to form Mg nanoparticles embedded in LiCl. Mg was found to be
unreactive towards THF and thus it is able to be washed from its LiCl matrix.
Washing was performed 3 times with THF and all the LiCl was removed as shown

by the XRD results in Figure 5-12.
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Figure 5-12: X-ray Diffraction (XRD) patterns (D8) for MgH,-D after 360°C decomposition and
LiCl salt removal by means of a THF solvent. A Rietveld fit to the data is displayed.

A Rietveld fit to the XRD data for the washed Mg resulted in a poor fit (see Figure
5-12) due to an unaccounted angular dependence. The washed Mg had to be analysed
using a low background holder due to the small quantity of sample. Unfortunately
the x-ray footprint on the sample changes as a function of collection angle and thus
there is an angular dependent interaction volume that dictates the amount of collected
counts. At low angles the x-ray foot print is large resulting in a large number of
counts from a large sample interaction volume, but at high angles the x-ray foot print

is small resulting in a reduced number of collected counts.

Despite the problem with collected intensity, the washed Mg phase presents
extremely sharp peaks indicative of quite large crystallites. The Rietveld analysis
adequately models the width of the XRD peaks and provides a Mg crystallite size of
126 = 8 nm. The significant increase in crystallite size is thought to arise from the
washing process itself. The dissolution of LiCl is exothermic and results in
considerable sample/solution heating. Heating the Mg whilst it is embedded in LiCl
will only result in minor crystallite growth due to the low number of crystallites in

each isolated Mg/MgH, particle. However once the LiCl is removed Mg-Mg particle
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aggregation can occur in solution and the presence of a heat source will allow for
agglomeration and crystallite size growth to occur. A small quantity of MgO is also
present in the washed XRD pattern that is thought to be due to the presence of
lithium oxide in the starting reagents. Lithium oxide will be reduced by MgCl,
resulting in minor quantities of MgO. The washed samples were not analysed further
due to their large crystallite and hence particle sizes that are unfavourable for use in

the current thermodynamic study.
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5.3 HYDROGEN SORPTION

The mechanochemical synthesis of MgH, nanoparticles was performed in order to
formulate different MgH, particles sizes. The particle size of MgH, has been
theoretically predicted to alter the thermodynamics of the hydrogen decomposition
reaction (see Section 1.4.2), hence altering desorption pressures. Hydrogen
desorption experiments were undertaken in order to determine hydrogen equilibrium
pressures in the Mg-H system. Desorption was undertaken at four different
temperatures (300°C, 320°C, 340°C, & 360°C) in order to determine the
thermodynamics properties (AH & AS) for the MgH, decomposition reaction given
by Reaction 5.1. The experiments were performed in order to determine if there was
a relationship between MgH; particle size and desorption equilibrium pressure. This
relationship would experimentally demonstrate thermodynamic alterations with
particle size. The determination of correct thermodynamic properties requires
measurements with high levels of accuracy and precision. The custom-built
automated Sieverts apparatus utilised allows for small thermodynamic changes to be

discerned due to the high precision pressure and temperature data that are collected.

5.3.1 Equilibrium Pressure Measurements

Initially, desorption experiments were performed on the MgH,-Purchased sample
which was first ball milled to improve its kinetics. The purchased sample consisted
of small 6.4 nm crystallites but these crystallites are part of much larger particles.
MgH,-Purchased was therefore used as a reference material in order to provide
bench-mark equilibrium pressures for bulk MgH,. A reference material is required
because of the lack of consistent thermodynamic data available in the literature for
MgH, (see Section 5.1.1.2). Due to limitations with extremely slow kinetics full
pressure-composition isotherms were not generated. As such, equilibrium pressure
data was collected over the hydrogen equilibrium plateau between hydrogen to metal
ratios (H/M) of 0.8 to 1.8. Due to the flat nature of the equilibrium plateau in the Mg-
H system repeat equilibrium measurements over this range were found to be
equivalent within reported uncertainties. For example, at 360°C equilibrium
pressures of 8.05 = 0.02 bar and 8.06 + 0.03 bar were measured at H/M ratios of 1.28
and 1.78 respectively for MgH,-C.

190



Certain issues arise due to the slow kinetics of the Mg-H system near equilibrium,
and a number of measures were taken to minimize detrimental effects. The room
temperature part of the system typically drifted within 22 + 1°C during the course of
24 hours. In principle, with fast enough kinetics, this room temperature variation
would have no impact on the measured equilibrium pressure as the hydride system
would respond to a system pressure change caused by room temperature variation by
absorbing or desorbing hydrogen to maintain an equilibrium pressure. In reality, the
slow kinetics of the system near equilibrium meant that changes in room temperature
resulted in small but discernable changes in system pressure. To account for this
change in system pressure with room temperature fluctuations, pressure
measurements were collected every 2 minutes over at least 24 hours. The equilibrium
pressure was then taken as being the average over the last 6 hours of data collection.
The uncertainty in the measured equilibrium pressure was taken as two times the
standard deviation (95% confidence interval) of the averaged data over this 6 hour
period. In the course of these experiments it was also noted that argon can be
adsorbed during the milling process and produce inflated equilibrium pressures
during measurements. To alleviate this factor all samples were first out-gassed under
vacuum at moderate temperature (> 100°C) to remove this adsorbed argon. Due to
problems in the literature relating to inadequate measurement time (see Section
5.1.1.2) care was taken in an effort to provide high quality equilibrium data for
MgH,. This was required in order to provide accurate bulk thermodynamic data and

to study the variation in thermodynamics with changes in MgH, particle size.

The kinetics of decomposition are quite slow for the mechanochemically synthesised
MgH, samples. This can be attributed to the fact that the MgH, particles are
embedded within a LiCl salt by-product matrix. Kinetic hydrogen desorption data is
provided in Figures 5-13 to 5-17 that illustrate the majority of decomposition occurs
within 2 — 5 hours, however minor but significant changes in pressure are still
evident until 24 hours have passed. It is likely that MgH, nanoparticles that are not
embedded within a LiCl matrix would present much faster hydrogen sorption
kinetics. However, removal of the LiCl by-product phase results in significant

crystallite and hence particle growth.

191



oo

r 360°C

-

o

[y ]

340°C

iy

Pressure (bar)

L%

320°C

%]

300°C

—

MgHs-Purchased

L]

T 1T | LI | T 1T | T 1T | T 1T | T 1T I T 1T | T 1T | T 1T | T
5 10 15 20 25 30 35 40 45
Time (hr)

Figure 5-13: Hydrogen desorption kinetics for MgH,-Purchased displaying the hydrogen
equilibrium pressure at 300°C, 320°C, 340°C, and 360°C.

[ 2]

-

Je0eC

ey ]

(g ]

340°C

e

FPressure (bar)

L8]

320°C

%

—k

300°C
MgH-A

5 10 15 20 25 30 35 40 45
Time (hr)

L]

Figure 5-14: Hydrogen desorption kinetics for MgH,-A displaying the hydrogen equilibrium
pressure at 300°C, 320°C, 340°C, and 360°C.
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Figure 5-16: Hydrogen desorption kinetics for MgH,-C displaying the hydrogen equilibrium
pressure at 300°C, 320°C, 340°C, and 360°C.
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Figure 5-17: Hydrogen desorption kinetics for MgH,-D displaying the hydrogen equilibrium
pressure at 300°C, 320°C, 340°C, and 360°C.

The hydrogen equilibrium pressures are presented in Table 5-8. It is evident that
there is a significant change in the hydrogen equilibrium pressure between the
samples analysed. The equilibrium pressures for MgH,-A and MgH,-B are similar to
the pressures obtained for MgH,-Purchased at all measured temperatures. The
similarity in equilibrium pressures is expected for MgH,-A due to the large MgH,
particle size (1 —2 um) which is effectively bulk. However the similarity between the
equilibrium pressures of MgH,-B and MgH,-Purchased is interesting as the MgH,-B
particle size from TEM was found to be relatively nanoscopic (15 — 40 nm). The
result indicates that MgH, particle sizes smaller than this are required to observe
measureable thermodynamic changes, as is predicted by theoretical studies. A large
increase in the equilibrium pressure is found for both MgH,-C and MgH,-D in
comparison to MgH,-Purchased at all measured temperatures. It can be deduced that
the change in equilibrium pressure is a result of thermodynamic changes within the
Mg/MgH, system due to nanoscopic particle size as this is the only variable between

mechanochemically synthesised samples.
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Table 5-8: Measured desorption equilibrium pressures for mechanochemically synthesised and
purchased MgH, samples. Uncertainties are calculated with a 95% confidence interval.

MgH,-Purchased = MgH,-A MgH,-B MgH,-C MgH,-D
Pressure at 1.636 +0.020 1.622+0.018 1.671+0.019 1.824+£0.017 1.919+0.018
300°C (bar)
Pressureat  2.789+0.019 2.763+0.019 2.837+£0.020 3.146+0.018 3.134+0.020
320°C (bar)
Pressure at  4.581 +£0.021 4506+0.022 4.622+0.021 5.086+0.017 5.019+0.019
340°C (bar)
Pressureat ~ 7.196 +0.019 7.092+£0.027 7.370+£0.020 8.053+0.023 7.862 +0.044
360°C (bar)

5.3.2 Thermodynamics

A van’t Hoff plot was constructed as shown in Figure 5-18 that illustrates the
significant change in measured pressures for MgH,-C and MgH,-D that have average
particle sizes below 20 nm. The decomposition reaction enthalpy (AH) and entropy
(AS) were calculated by a weighted least squares method (described below) and are
provided in Table 5-9. AH for MgH,-Purchased is equivalent to AH for MgH,-A,
MgH,-B, and even MgH,-C within uncertainty, however a significant reduction in
AH of 2.84 kJ/mol H, is determined for MgH,-D in contrast to the bulk. The
measured change in AH for MgH,-D is similar to theoretical predictions for ~ 4 nm
MgH, nanoparticles by Kim et al. **.

The average MgH, particle size in MgH»-D cannot be smaller than the average
crystallite size (6.7 = 0.7 nm) as determined by XRD. The small difference between
the experimentally measured minimum particle size (6.7 nm) and the theoretically
predicted particle size (4 nm) for the given change in AH may simply relate to minor
inaccuracies in the theoretical model. However it is also likely that some MgH,
particle size polydispersity exists within MgH>-D. If significant levels of
polydispersity exist, the hydrogen equilibrium pressure will be controlled by certain
MgH, particle sizes at different H/M ratios. Desorption measurements for each
sample began at H/M = 2. It follows that initially the particles with the smallest size
will contribute to the equilibrium pressure (above the bulk value) due to their larger
change in AH and hence higher inherent equilibrium pressure. As the hydrogen in the
smallest particles is exhausted the elevated equilibrium pressure will no longer be
maintained and the equilibrium pressure will begin to approach the bulk value. The

equilibrium pressure was found to be repeatable (within uncertainty) at the different
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H/M ratios (0.8 — 1.8) in which measurements were taken. Given the change in AH
measured for MgH,-D, it is likely that the equilibrium pressure in this H/M range is
controlled by small MgH, particles whilst larger particles (with larger crystallite
sizes) may dominate equilibrium pressures at lower H/M ratios.

Table 5-9: Calculated thermodynamic properties for mechanochemically synthesised and
purchased MgH, samples. Uncertainties are calculated with a 95% confidence interval.

MgH,-Purchased =~ MgH,-A MgH,-B MgH,-C MgH,-D
Decomposition 74.06 £0.42 73.92+045 7475+£042 74.15+£037 71.22+£0.49
enthalpy (AH,
kJ/mol H,)
Decomposition 133.4+0.7 133.1+0.7 134.7+0.7 134.5+0.6 129.6 £ 0.8
entropy (AS,
J/mol Hy/K)
Calculated 1 bar ~ 555.0+2.2 5554+22 5549+2.1 551.3+2.1 5494+24
H, equilibrium
temperature
(Tpar) (K)
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Figure 5-18: van’t Hoff plot for the decomposition of MgH, in the four mechanochemically
synthesized samples as well as the bulk reference (MgH,-Purchased).
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The calculation of uncertainties for the calculated AH and AS quantities from a van’t
Hoff plot is often overlooked in the literature leading to uncertainties often not being
reported, or being reported incorrectly. Uncertainty analysis is made complicated due
to the exponential form of the van’t Hoff equation. The major factor in determining
uncertainties in AH and AS is the uncertainties on the measured pressures, which
were determined from the standard deviation after averaging 180 pressure data points
(6 hours of data). A weighted least squares method was utilised in determining AH
and AS from the van’t Hoff plot. The weighted least squares method is suited to
small data sets when each data point has a different uncertainty *’>. The method is
useful when the uncertainties are known from a large number of observations 2’
such as when each data point has been averaged from a larger data set in the case of

the pressure data provided in Figures 5-13 to 5-17.

A van’t Hoff plot is constructed from measured equilibrium pressure data as shown

in Figure 1-9. The gradient (m = AH/R), intercept (¢ = AS/R), and their respective

uncertainties (o, and o) are calculated by 273,

1 Y, . :
DD R e D
m= i i ] i

o - o, o, (5.3)
> LT
2
0,=| — (5.4)
x.2 y X. X.y.
Zdlz zo_lz —20’2 Z?
c= L J J J (5.5)
a
Z x.2 2
2
o = a"i (5.6)
where:
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1 x? X,
a=) — ) ——| ) — (5.7)
F T2
Given that the van’t Hoff equation is expressed in the form of an exponential, the
equation must be linearised in order to adequately account for the uncertainties

involved in the weighted fit. In this case the y-axis is plotted as y = In f where f'is
fugacity and thus the uncertainty in y (o;) can be determined by partial differentiation

as follows:
o, = QA = A—f’ (5.8)
of /;

where Af; is the measured uncertainty on fugacity (to one standard deviation) for a
particular fugacity data point (f;). Consequently y; and x; values are equivalent to (In

f)i and (1/7); respectively.

Figure 5-19 provides a visual representation of the calculated AH and AS quantities
for each of the samples analysed. There is an interesting correlation between AH and
AS where a lower decomposition reaction enthalpy in MgH»-D is matched by a lower
reaction entropy, and even subtle changes in enthalpy are closely matched by
corresponding changes in entropy. Mg and MgH, particles that have nanoscopic
sizes contain a large number of atoms that are influenced by the particle surface **.
The influence of the particle surface affects the Mg and MgH, phases to different
degrees that results in a reduction in the overall MgH, decomposition reaction
enthalpy (AH). The same phase-preferred destabilization also appears to apply to AS
(between Mg and MgH,). In the literature, changes in AS are not considered in
theoretical investigations and instead constant bulk AS quantities have been assumed
*_ Recently Fichtner *® noted that nothing had been reported to date on whether
changes in AS with particle size would positively or negatively affect equilibrium
pressures. In a bulk system the reaction entropy (AS) upon MgH, — Mg + H, at
25°C can be expressed as Sy (32.52 J/mol Hy/K) + Suz (130.00 J/mol Ho/K) - Saer2
(31.08 J/mol Ho/K) = AS (131.44 J/mol Hy/K) *°. Sy is not affected by alterations in
the particle structure but it can be seen that a disproportionate change in the entropy

of Mg and MgH, with particle size would lead to a change in AS. A lower AS will be
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generated if the entropy of an MgH; nanoparticle increases by a greater quantity than

the entropy for an Mg nanoparticle as particle size is reduced.
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Figure 5-19: Calculated thermodynamic values for MgH, decomposition from the van’t Hoff
plot in Figure 5-18. Uncertainties are calculated with a 95% confidence interval.

The measured thermodynamics for MgH,-D act to lower the 1 bar hydrogen
equilibrium temperature (77x,) (see Table 5-9) as predicted by theoretical
investigations. However, the measured reduction in 77}, is not in line with the
magnitude of the changes predicted. 7, is reduced by ~6°C for MgH,-D in contrast
to the bulk (MgH,-Purchased). A reduction in 77, of ~4°C is also found for MgH5-
C even though its enthalpy was found to be close to that of the bulk. The result
indicates that entropy also plays a large part in determining changes in 754 Given
the change in AH determined for MgH,-D (2.84 kJ/mol H;) a reduction in Tjp,, is
theoretically predicted to be ~15°C ** when using a constant bulk AS. This result is in
contrast to the ~6°C calculated due to the change in AS relative to the bulk. The fact
that a decrease in T}, is still observed indicates that the change in AH due to particle

size reduction has a larger impact of the 7}, than the corresponding change in AS.
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The observed change in AS in parallel with the observed change in AH can be
explained as follows: The enthalpy, or internal energy (if the PV term is neglected),
of a solid can be considered to be the summation of the vibrational energy of the
atoms comprising the crystal solid *”°. The consequence of this is that as the particle
size decreases below a certain threshold there is a deviation in the crystal structure of
both Mg and MgH, from their bulk structures leading to changes in enthalpy.
Because the rate of change of the enthalpy is different between Mg and MgH, we see
an overall change in AH of the reaction MgH, — Mg + H,. Likewise, the entropy of
a solid can be considered to be the vibrational entropy (a measure of the disorder in
the system caused by atomic vibrations), a function of the vibrational partition

. 275
function .

The vibrational partition function is dependent on phonon
frequencies/phonon density of states. Given that the phonon density of states is also
dependent on the crystal structure we see that a change in entropy must also occur
when there are changes in the crystal structures of the solids in a given reaction. Such
changes in entropy should therefore be included in future theoretical predictions of

particle size dependent hydride thermodynamics.
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5.4 CONCLUSIONS

The mechanochemical synthesis of MgH» has been undertaken with varying LiCl
buffer quantities. Increasing the buffer results in MgH, crystallite sizes down to 6.7
nm, measured by XRD, whilst TEM investigations show that increasing buffer
results in smaller, more highly dispersed MgH, nanoparticles. The size of these
MgH; particles approaches theoretical predictions for thermodynamic changes and

the MgHj is only physically bound by the LiCl.

Hydrogen equilibrium pressure measurements have been used to determine the
decomposition enthalpy and entropy for MgH, nanoparticles that were
mechanochemically synthesized. A reduction in both the decomposition enthalpy and
entropy was found for ~7 nm MgH, nanoparticles in relation to bulk MgH,. The
consequence of this thermodynamic destabilization is a drop in the 1 bar hydrogen
equilibrium pressure of ~6°C. The temperature drop is not as large as theoretical
predictions due to the effect of the decrease in reaction entropy which partially
counteracts the decrease in reaction enthalpy. It is not known if the thermodynamics
of smaller nanoparticles will be dominated by changes in either the reaction enthalpy
or entropy. Further theoretical and experimental studies on MgH, nanoparticles will
need to be performed with a focus on reaction entropy changes to accurately quantify
the thermodynamic destabilization of the Mg-H nanoparticle system in order to
determine whether large reductions in the 1 bar hydrogen equilibrium temperature

are possible.
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5.5 DIRECTIONS FOR FUTURE WORK

There are a number of techniques that may be used to more accurately
determine the MgH, particle size in MgH,-D. Small angle scattering is a
technique that can be used to determine particle size but complications arise
due to the fact that the MgH, particles are embedded within salt. The salt
produces a high degree of surface scattering that masks any Guinier regime
that may provide information about MgH, particle size. Synchrotron SAXS
may be able to distinguish the scattering from the MgH; and LiCl by tuning
the x-ray energy to that of the Mg K-edge (1.3 keV). However SAXS
beamlines do not operate at this energy. A more promising solution is to use
contrast matching with SANS to match the scattering length density of LiCl
(-4.39x10° cm™) with a mixture of hydrogenated toluene (-1.35x10'* cm™)

and deuterated toluene (+1.73x10' cm™).

Smaller MgH, nanoparticles may be formed by altering the mechanochemical
synthesis conditions. If the LiCl:MgH, buffer ratio is increased (> 10:1) then
it is expected that further reductions in MgH, particle size will be observed. It
may also be possible to reduce the MgH, particle size further by changing
other milling parameters such as the ball to powder ratio or the ball size.
However a critical lower limit to MgH, particle size does exist due to the
inherent limitations of the mechanochemical process. The method is limited
because mechanical milling is used to form MgH, sites that result from
MgCl,-LiH interactions, and these sites will always be a formed at a certain
finite scale. Further MgH,-MgH, interactions will also increase this lower

MgH, particle size limit.

The mechanochemical synthesis of MgH, could be attempted by different
synthesis pathways. A variation of the starting reagents will lead to different
product phases and different reaction kinetics during ball milling. Alteration
of these parameters could lead to smaller MgH, particle sizes. For example,
the following reaction should proceed faster during milling due to the higher

Gibbs free energy:

MgCl, + 2NaH —— MgH, + 2NaCl A.Gyer = —142.6 kJ/mol (5.9)
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A different by-product phase may also allow for faster hydrogen sorption

kinetics due to variations in hydrogen diffusion through the by-product phase.
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The following Maple (Maplesoft, Ontario, Canada) code was written to numerically

solve an equation of state for hydrogen '**'%

(1 bar — 1 Mbar) and temperature (100 K — 1000 K) of the hydrogen gas and the

. The user inputs the measured pressure

molar volume, compressibility, and the fugacity of hydrogen is the output.

#User input for pressure and temperature

P := 100; #PRESSURE (bar)
T := 298.15; #TEMPERATURE (K)
#

#Define constants

R:=83.1451: #Converted from Pascals and cubic metres to bar and
cubic centimetres

alpha0:=2.9315:

alphal:=-1.531e-3:

alpha2:=4.154e-6:

al:=19.599:
a2:=-0.8946:
a3:=-18.608:
ad4:=2.6013:
b0:=20.285:

bl:=-7.44171:

b2:=7.318565:

b3:=-3.463717:

b4:=0.87372903:

b5:=-0.12385414:

b6:=9.8570583e-3:

b7:=-4.1153723e-4:

b8:=7.02499%e-6:

printf ("Constants & Functions Loaded") ;

#

#Define variables

unassign('a','b’','alpha','V');

if p > 1 then assign(a=evalf (exp(al+a2*1ln(p)-exp(a3+ad*1ln(p)))))
else printf("error") end if;

if p > 1 and p < 100 then
assign (b=evalf (b0*1n(100) “0+bl*1n(100)~14+b2*1n(100)*2+b3*1n
(100) ~3+b4*1n(100) “4+b5*1n(100) *5+b6*1n (100) *6+b7*1n (100) ~7
+b8*1n(100)*8)) elif p > 100 or p = 100 then
assign (b=evalf (bO*1n(p) “0+bl*1n(p) *1+b2*1n(p) *2+b3*1n(p) 3+
b4*1n(p) *4+b5*1n (p) *5+b6*1n (p) *6+b7*1n (p) *7+b8*1n (p) *8))
else printf("error") end if;

if T > 300 then assign(alpha=evalf (alphaO+alphal*300+alpha2*30042))
else assign(alpha=evalf (alphaO+alphal*T+alpha2*T*2)) end
if;

Vi:=R*T/p; #IDEAL GAS LAW VOLUME (cm3/mol)

#

# Numerically solve Hemmes equation of state

Xtest:=Vi-Vvi/8:

Vm:=fsolve ( (p+a/ (V**alpha)) * (V-b) -R*T=0,V,Xtest. .infinity) ; #MOLAR
VOLUME (cm3/mol)

Z:=Vm/Vi; #COMPRESSIBILITY

Fugacity = p*exp(int(Vm/(83.145*T)-1/p, x = 0 .. p)); #(bar)
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The following Maple (Maplesoft, Ontario, Canada) code was written to determine
the pressure of hydrogen at a particular fugacity and temperature. Fugacity is related
to pressure by Equation 1.4 which must be numerically solved to determine pressure.

A second numerical solution is performed on an equation of state for hydrogen '**

123125 5 determine the molar volume of hydrogen. The user inputs the fugacity and

temperature (77 K, 100 K — 1000 K) of the hydrogen gas and the corresponding

pressure of hydrogen gas is calculated.

#User input for fugacity and temperature

Fugacity := 100; #FUGACITY (bar)

T := 298.15; #TEMPERATURE (K)

#

#Define constants

R:=83.1451: #Converted from Pascals and cubic metres to bar and
cubic centimetres

alpha0:=2.9315:

alphal:=-1.531e-3:

alpha2:=4.154e-6:

al:=19.599:
a2:=-0.8946:
a3:=-18.608:
a4:=2.6013:
b0:=20.285:

bl:=-7.44171:

b2:=7.318565:

b3:=-3.463717:

b4:=0.87372903:

b5:=-0.12385414:

b6:=9.8570583e-3:

b7:=-4.1153723e-4:

b8:=7.02499%e-6:

printf ("Constants & Functions Loaded") ;

#

#Define variables for fugacity numerical routine

ptest := fsolve (Fugacity=P*exp ((P*15.84)/(83.145*T)) ,P); #initial
test pressure

p:=ptest:

FugacityCalc:=-1:

#

#Begin fugacity numerical routine

for g from 1 to 5000 while abs (FugacityCalc-Fugacity) > 0.00001 do
#resolution can be changed depending on pressure

#

#Define variables for equation of state numerical routine

unassign('a','b','alpha','V');

if p > 1 then assign(a=evalf (exp(al+a2*1ln(p)-exp(a3+ad*1ln(p)))))
else printf("error") end if;

if p > 1 and p < 100 then
assign(b=evalf (b0*1n(100)~0+bl*1n(100)~1+b2*1n(100)*2+b3*1n (10
0)*3+b4*1n(100) “4+b5*1n (100) *5+b6*1n (100) *6+b7*1n (100) ~7+b8*1n
(100)*8)) elif p > 100 or p = 100 then
assign (b=evalf (b0*1n (p)~0+bl*1n (p)*1+b2*1n (p)*2+b3*1n (p) *3+b4~*
1n(p) #4+b5*1n (p) #*5+b6*1n (p) *6+b7*1n (p) *7+b8*1n (p) *8)) else
printf ("error") end if;

if T > 300 then assign(alpha=evalf (alphaO+alphal*300+alpha2*30042))
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else assign(alpha=evalf (alphaO+alphal*T+alpha2*T*2)) end if;

Vi:=R*T/p; #IDEAL GAS LAW VOLUME (cm3/mol)

#

#Begin equation of state numerical routine

Xtest:=Vi-Vi/8:

Vm:=fsolve ((p+a/ (V**alpha) ) * (V-b) -R*T=0,V,Xtest. .infinity); #HEMMES
EQUATION OF STATE (cm3/mol)

Z:=Vm/Vi; #COMPRESSIBILITY

if T = 77 and p < 140 then Z:= 1-0.0017359*p+1.4459%9e-5*p**2-6.8988e-
8*p**3+5.5334e-9*p**4-1.1555e-10*p**5+1.3545e-12*p**6-9.7473e-
15*%p**7+3.9175e-17*p**8-6.6383e-20*p**9 end if; #Lemmon

if T = 77 and p > 140 and p < 5000 then Z:=
0.68302+0.0028112*p+9.6708e-7*p**2-2.0147e-9*p**3+1.6679%e-
12*p**4-7.9345e-16*p**5+2.2979e-19*p**6-3.9964e-
23*p**7+3.8367e-27*p**8-1.5627e-31*p**9 end if; #Lemmon

#

#Back-calculate fugacity

FugacityCalc:=p*exp (int ((2-1) /p,x=0..p));

#

#Step pressure in numerical routine

if FugacityCalc < Fugacity then p:=p*(1+1/g/10) else p:=p*(1-1/g/10)
end if:

end do:

#

#Output data

Iterations:=g;

realZ:=Z;

CalculatedFugacity:=FugacityCalc;

realp:=p;
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Figure C-1: Automated hydrogen measurement apparatus user interface programmed in
Labview. The interface provides live pressure and temperature information, manual control
over the pneumatic valves, and the ability to run automated sequences for calibration,
absorption and desorption from any sample or instrument configuration.
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Figure C-2: Basic functionality of front end interface.

224



Manual Valve Control
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Figure C-3: Manual valve control including automated routines for reaching given pressures
and timed opening of valves.
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Figure C-4: Routine for reference volume calibration from a known calibration volume.




Figure C-5: Routine for sample volume calibration (at ambient temperatures) from a known

reference volume.
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Figure C-6: Routine for sample volume calibration (at non-ambient temperatures) from a
known reference volume.
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Figure C-7: Routine for hydrogen absorption measurement and data collection.
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Figure C-8: Routine for hydrogen desorption measurement and data collection.
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Configuration File

File Loaded When Program Started
Default Settings in []

Max Gauge Pressure (bar) [140]

140

Sorption Ceased Resolution Default (moles H2) [0.01]
0.01

Default Calibration Run Number [5]

5

Temperature Gauge Averaging Samples [100]

100

Pressure Gauge Averaging Samples [500]

500

Ref Cal: Minimum Reference Pressure (bar) [40]
40

Ref Cal: Maximum Reference Pressure (bar) [80]
80

Ref Cal: Reference Pressure Step Size per Run (bar) [5]
5

Ref Cal: Evacuation Time (s) [600]

600

Ref Cal: Reference Wait Time after Input (s) [1200]

1200

Ref Cal: Calibration Volume Equilibrium Wait Time (s) [3600]
3600

Ref Cal: Final Closed Valve Wait Time (s) [300]

300

Amb Samp Cal: Minimum Reference Pressure (bar) [40]

40

Amb Samp Cal: Maximum Reference Pressure (bar) [80]

80

Amb Samp Cal: Reference Pressure Step Size per Run (bar) [5]
5

Amb Samp Cal: Evacuation Time (s) [600]

600

Amb Samp Cal: Reference Wait Time after Input (s) [1200]
1200

Amb Samp Cal: Calibration Volume Equilibrium Wait Time (s) [1200]
1200

Amb Samp Cal: Final Closed Valve Wait Time (s) [300]

300

Non-Amb Samp Cal: Minimum Reference Pressure (bar) [40]

égn—Amb Samp Cal: Maximum Reference Pressure (bar) [80]

Egn—Amb Samp Cal: Reference Pressure Step Size per Run (bar) [5]
ion—Amb Samp Cal: Evacuation Time (s) [600]

600

Non-Amb Samp Cal: Reference Wait Time after Input (s) [1200]

1200

Non-Amb Samp Cal: Calibration Volume Equilib Wait Time (s) [1200]
1200

Non-Amb Samp Cal: Final Closed Valve Wait Time (s) [300]

300
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Hyd Abs:

600

Hyd Abs:

1200

Hyd Abs:

120

Hyd Des:

300

Hyd Des:

120

Hyd Des:

60

Evacuation Time (s) [600]

Reference Wait Time after Input

Wait Time after Condition Met

Initial Wait Time to find Samp Pres from Ref Pres

Evacuation Time (s) [120]

Wait Time after Condition Met
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The bulk density of a material (ps,x) can be calculated as follows if the true atomic
density (ppase) and both the one-dimensional bulk (d,,) and the atomic (d,,) sample

thicknesses are known.

The density is generally described as the ratio between mass (m) and volume (V):

p= (D.1)

m
v
Let us consider the bulk takes the form of a cubic volume given in Figure D-1 where
each side length is equal to d,,. In doing so we assume that the material has an
isotropic density, which is the case for the materials in the present study. A subset of
the bulk volume is displayed (in Figure D-1) that is equivalent to the atomic volume

of the material (no porosity) where each side length is equal to d,.

Figure D-1: Schematic of an arbitrary bulk volume and the atomic volume which occupies a
percentage based on its anisotropic thickness.

Both the bulk and atomic volume contain the same mass of material by definition. As

such the bulk density can be expressed as follows:

m=plV
pbulk I/bulk = pbaseI/base (D2)
. p base V;)ase I/base
"pbulk ==, = base
V;mlk I/bulk
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Therefore, if the atomic density is known along with the bulk and atomic sample
thicknesses the following relationship can be formed using an arbitrary volume ratio

(given by the cubic schematic in Figure D-1) where:

V=d’
. pbasedxpg) (D ' 3)
"+ Pruik = FIE

tot

For example, the bulk density (pp.u) of aluminium nanoparticles can be calculated
given that a sample is packed within a cell of known thickness (d,,). The atomic
density is known for aluminium (ppas = 2.7 g/cm3) and the thickness of the sample
not including porosity (dy,) can be determined from x-ray transmission

measurements.
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embedded within a by-product salt phase (LiCl or NaCl, respectively). The LiCl is washed with a suitable
solvent resulting in aluminium (Al) nanoparticles which are not oxidised and are separated from the by-

ﬁ?/;:{g;téi storage materials product phase. Synthesis and washing was confirmed using X-ray diffraction (XRD). Nanoparticles were
Metals found to be ~25-100 nm from transmission electron microscopy (TEM) and an average size of 55 nm was
Nanostructures determined from small angle X-ray scattering (SAXS) measurements. As synthesised Al/NaCl composites,

washed Al nanoparticles, and purchased Al nanoparticles were deuterium (D, ) absorption tested up to

Mechanochemical synthesis

2 kbar at a variety of temperatures, with no absorption detected within system resolution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium nanoparticles are of interest to a variety of fields
including pyrotechnic, propellant, and explosive industries. Alu-
minium powder has been added to a variety of these compositions
in order to increase their performance through raising reaction
energies, flame temperatures, and increasing blast rates [1,2].
Nanoparticles of aluminium are more favourable because of their
high enthalpy of combustion [3] and rapid kinetics [1] which
increase these reaction properties even further.

Aluminium can also be used as a hydrogen storage compound
in the form of alane (AlH3). Alane is a promising hydrogen stor-
age compound due to its very high hydrogen storage capacity
(10.1 wt.%), low hydrogen desorption temperature, fast desorption
kinetics, and the widespread availability of aluminium. The major
problem related to using aluminium as a hydrogen storage material
is the extreme high pressure and temperature (28 kbar at 300°C)
required for the absorption of gaseous H, into bulk aluminium
metal [4,5], a consequence of its unstable formation enthalpy of
—11.4kJ/mol [6]. The hydrogen absorption properties of Al nanopar-
ticles are not well known, and the mechanochemical synthesis of
Al nanoparticles is promising in order to analyse the behaviour
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of hydrogen at moderate pressures with unoxidised aluminium
nanoparticles. It is expected that the small particle size and clean
nanoparticle surface would allow hydrogen to absorb into alu-
minium under more reasonable hydrogen pressures, compared to
the very large ~150 pm Al powder used in [4], which was most
likely oxidised. Small nanoparticles are expected to alter both the
thermodynamics and kinetics of the aluminium-hydrogen system.
Significant thermodynamic changes are theoretically predicted for
aluminium nanoparticles smaller than 5nm in comparison to the
bulk [7] however these thermodynamic changes have not yet been
experimentally demonstrated and it is not yet known with certainty
if these changes extend to larger aluminium nanoparticles.
Mechanochemical synthesis differs from standard ball milling.
A standard ball milling process under inert atmosphere results in a
moderate reduction of powder particle size and eventually the for-
mation of nanosized grains within micron-sized particles [8]. The
mechanochemical method involves the initiation of a solid-state
displacement reaction during the ball milling process [8] which
can result in nanosized particles (down to ~5nm in size) embed-
ded within larger by-product phase particles. The chemical reaction
can, for example, involve the reduction of a metallic compound such
as an oxide, chloride, or sulphide [9] with an appropriate reducing
agent. The occurrence of combustion due to the very large reaction
enthalpies associated with these reactions is typically tempered by
the addition of extra by-product phase, and/or milling parameters.
Mechanical milling is utilised in the mechanochemical synthesis
of nanoparticles because it effectively blends the reactants, forming
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nanoscale mixtures and increases the chemical reactivity (and also
the reaction kinetics) which leads to a chemical reaction between
these reactants enabling the product phase to form [10] by virtue of
large reaction enthalpies. The mechanochemical synthesis process
has been used in the past [9,11] to synthesise a broad range of metal
nanoparticles (e.g. Ag, Cd, Co, Cr, Cu, Er, Fe, Gd, Ni, Pb, Sm, Ta, Ti,
V, W, Zn, and Zr) as well as other compounds such as oxides and
sulphides. Particle size control can be gained by adjusting factors
such as: the volume fraction of the by-product phase formed during
milling, milling time, milling collision energy (ball-to-powder mass
ratio and ball size), milling temperature, and the use of process
control agents [9,10].

This paper is organised as follows: Section 3.1 describes the
mechanochemical synthesis reactions used to produce Al nanopar-
ticles. Section 3.2 describes the measurement of the Al particle size
by X-ray diffraction (XRD), small angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM). Section 3.3 discusses the
deuterium absorption properties of synthesised and purchased Al
nanoparticles up to 2 kbar.

2. Experimental

All handling of chemicals and sealable milling vials was undertaken in an
argon-atmosphere glovebox in order to minimise oxygen (0, <5 ppm) and water
(H20<0.1 ppm) contamination. Li (Sigma-Aldrich, >99.9%), Na (Sigma-Aldrich,
99%), AlCl; (Sigma-Aldrich, 99%), NaCl (Chem-Supply, 99%), and LiCl (Sigma-Aldrich,
>99%) were used as starting reagents. Ball milling was performed with a custom
made ball milling canister (650 cm? internal volume) attached to a Glen Mills Tur-
bula T2C shaker-mixer. The ball milling canister was made from stainless steel (316)
and was sealed with an o-ring on both ends. The milling media used was made
from the same material as the canister to minimise sample contamination due to
the degradation of both the canister and balls. The milling equipment was made
from 316 stainless steel, as this grade of steel provides good corrosion resistance
and also resistance to pitting. Aluminium nanoparticles were purchased (Ameri-
can Elements, Los Angeles, USA, 99%) in order to provide a comparison between
mechanochemically synthesised and commercially available nano-Al. Dry 10-22 nm
Al synthesised by colloidal chemistry was also obtained from Meliorum Technolo-
gies. The 10-22 nm particle size was determined in-house by Meliorum using photon
correlation spectroscopy.

X-ray diffraction was performed using a Siemens D500 diffractometer (CuK,
wavelength, A, of 1.5418 A) with a 26 range of 10-80° using 0.02° steps with 3's of
count time per step and operating conditions were set at 40kV and 30 mA. Sam-
ples were loaded into XRD sample holders in an argon glovebox and were sealed
under a 4 wm mylar film to prevent oxygen/moisture contamination during data
collection. Rietveld analysis was performed on the XRD patterns using Topas soft-
ware (Bruker AXS, Karlsruhe, Germany) in order to provide additional structural
information from the washed and unwashed samples. The crystallite sizes were
determined from an LVol-IB method (volume averaged column height calculated
from the integral breadth) [12] which provides a good measure of the physical
crystallite size.

Small angle X-ray scattering patterns were collected with a Bruker NanoSTAR
SAXS instrument. Samples were loaded and sealed within glass capillaries in an
argon glovebox to prevent oxygen/moisture contamination prior to data collection.
Data was recorded at a sample-detector distance of 65.0 cm using a wavelength, A, of
1.5418 A (CuK, ) and scattered photons were counted with a 2D multiwire detector
for 3 h per sample. The raw data was radially averaged and background subtracted.
Resulting intensities, after discarding low-q data points affected by the beam stop,
spanned a g-range of 0.114-3.27 nm~! (q=4m sin®/A, where 26 is the scattering
angle). Scattering data was converted onto an absolute scale by calibrating against
a known standard using the method of Spalla et. al. [13].

Transmission electron microscopy was performed onaJEOLJEM2011 instrument
operating at 200 kV and a JEOL 3000F FEGTEM instrument operating at 300 kV. Both
microscopes were coupled with an Oxford Instruments energy dispersive X-ray spec-
trometer (EDS) for elemental analysis. Samples were loaded onto 200 mesh copper
grids with holey carbon support films drop-wise via suspension in nitromethane.
The TEM grids contain minor traces of silicon resulting from the manufacturing
process.

Deuterium absorption experiments were performed in a Sieverts manometric
apparatus using the Hemmes equation of state [14] via the method of McLennan
and Gray [15] to account for the compressibility of deuterium for room temperature
measurements and the equation of state from the NIST Standard Reference Database
Number 69 was used for 77 K measurements [ 16]. Deuterium was utilised instead of
hydrogen in order to undertake neutron diffraction measurements if absorption was
successful. The use of deuterium instead of hydrogen for absorption measurements
isroutinely undertaken in the literature and is not expected to have any major impact
on absorption results.

3. Results and discussion
3.1. Mechanochemical synthesis of Al nanoparticles

The mechanochemical reactions given by reactions (1) and (2)
were both initiated within a ball mill at room temperature and both
reactions proceeded to completion through the reduction of AlCls
with lithium or sodium metal, respectively.

AICl; +3Li — Al + 3LiCl 1)
AICl; +3Na — Al + 3Nacl 2)

The reaction products are aluminium metal particles which are
embedded within larger salt (LiCl or NaCl) clusters. The addition of
a buffer material (i.e. LiCl) with the reactants allows for a medium
which promotes nanoparticle formation and restricts the growth of
large agglomerates of the desired aluminium phase by tempering
combustion. Reactions (1) and (2) were both undertaken to deter-
mine their viability. Reaction (1) was initiated by milling with a
ball-to-powder ratio (B:P) of 35:1 for 180 min using a LiCl buffer
(25% mass of milled sample). Reaction (2) was initiated with a B:P
of 55:1 for 280 min using a NaCl buffer (30% mass of milled sam-
ple). Both reactions proceeded to completion as verified by XRD
shown in Fig. 1. There is a minor peak in the pattern for reac-
tion (1) (containing LiCl) at 26 =32.9° which has been attributed
to lithium chloride hydrate (LiCl-H,0) which is most likely present
due to an improper seal with the mylar film during XRD as LiCl
is hygroscopic. Aluminium nanoparticles embedded within larger
NaCl salt clusters are shown in the TEM micrographs in Fig. 2. Much
larger aggregate structures of salt were found via TEM but isolated
clusters were imaged for clarity. The aluminium particle size (while
still embedded in NaCl) was determined via direct TEM imaging as
~40-50 nm.

The mechanochemically synthesised samples can be washed
with a solvent capable of removing the salt by-product phase. Sam-
ples synthesised via reaction (1) which have a LiCl by-product
(rather than NaCl) were more easily washed because of its pre-
ferred solubility in a wider range of solvents. However a large range
of solvents (e.g. water, alcohol, acetone) are not suitable for wash-
ing salt from the aluminium nanoparticles because of aluminium’s
high reactivity which may result in the formation of surface layers
such as aluminium oxide, hydroxide or oxy-hydroxide [17].
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Fig. 1. X-ray diffraction (XRD) patterns for mechanochemically synthesised samples
which were initiated via reactions (1) and (2) as given in the text. The patterns
were collected after ball milling was complete and show that the reactions ran to
completion. The XRD sample for reaction (2) was not sealed under a mylar film as it
was air stable. Rietveld fitting results and calculated difference plots are also shown.
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Fig. 2. Transmission electron microscope (TEM) micrographs of aluminium
nanoparticles (40-50 nm) embedded within two different (200-500 nm) NaCl salt
clusters. Elemental mapping was used to identify the smaller particles as aluminium
and the larger matrix as salt. Both scale bars are 200 nm.

Nitromethane (Sigma-Aldrich, 96%) was used as the LiCl solvent
because it was found to be relatively inert towards the aluminium
nanoparticles, and had a low viscosity which made particle sep-
aration possible. However, in order to promote LiCl solubility in
nitromethane, aluminium chloride was added in a 3:1 ratio of
AlICI5:LiCl because the presence of certain other salts in solution
have been found to promote the solubility of LiCl in nitromethane
[18]. A centrifuge was used to separate the solvent (containing the
dissolved LiCl by-product phase) from the aluminium nanoparti-
cle product before the saline solution was decanted. Washing was
performed three times, twice with a nitromethane/AICl; solution
and once with pure nitromethane. The final aluminium product was
put under vacuum at room temperature to remove residual traces
of solvent to obtain pure aluminium nanoparticles.

XRD data is displayed in Fig. 3 for the Al/LiCl composite sample
after washing with the nitromethane/AICl3 solution. After wash-
ing it is clear that all of the LiCl has been completely removed and
that only Al remains. There is a very minor peak in the washed
mechanochemically synthesised sample pattern at 17.95° which
has been attributed to trace aluminium hydroxide Al(OH)3; during
Rietveld analysis, although the peak position is offset by 0.3° in
260 which suggests that this may not be a positive match (which is
made difficult due to the very low peak intensity). It is also possi-
ble that the peak at 17.95° is due to an amorphous hump present
at ~18° from minor amounts of soft paraffin used to seal the mylar
film during XRD analysis. There are no aluminium oxide (Al,03)
peaks present in the washed XRD pattern which suggests that there
was no significant reaction between the solvent and the aluminium
nanoparticles. The aluminium nanoparticles are therefore very pure
and any oxide content is either amorphous or below the XRD resolu-
tion limit suggesting the nanoparticles possess relatively oxide-free
clean surfaces. A low aluminium oxide content is beneficial for
hydrogen storage where aluminium oxide surface layers can be
detrimental to molecular [19] and even atomic [20] hydrogen per-
meation. Low oxide content is also beneficial for the pyrotechnic,
propellant, and explosive industries where aluminium nanoparti-
cles with thinner oxide layers are associated with higher reactivities
[2]. An XRD pattern is also shown in Fig. 3 for the commercially
available sample (American Elements) which shows a significant
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Fig. 3. X-ray diffraction (XRD) pattern for a washed mechanochemically synthesised
sample (synthesised via reaction (1)), and for purchased aluminium nanoparticles
(American Elements). The XRD pattern for the washed sample shows that the lithium
chloride saltis completely removed after washing and only aluminium nanoparticles
remain. The purchased aluminium nanoparticles show high quantities of aluminium
oxide and there is also one unknown peak. Rietveld fitting results and calculated
difference plots are also shown.

aluminium oxide content. Two Al,03 phases were identified as §*
[21] and 6 because these phases provide the best match to the col-
lected data as shown by the Rietveld fit in Fig. 3. However a single
peakin the purchased sample pattern at 28.5° could not be indexed
to any known aluminium oxide, hydroxide, or oxy-hydroxide phase
and is an unknown sample component.

3.2. Measurement of Al particle size by XRD, TEM, and SAXS

All XRD patterns (in Figs. 1 and 3) were analysed using the
Rietveld method. The results from the Rietveld analysis are shown
in Table 1. The crystallite sizes from XRD and particle sizes from
TEM cannot be directly compared because the XRD crystallite size
is a volume weighted mean whereas the TEM particle size is a
number weighted mean. However, the aluminium crystallite size
from XRD is of the same order of magnitude as the particle size
from TEM measurements which suggests that each nanoparticle
consists of few individual crystallites. During Rietveld analysis it
was assumed that the peak at 20=17.95° in the XRD pattern for
the washed sample was Al(OH)3 to determine its wt.% contribu-
tion to the washed sample assuming that this minor peak is indeed
aluminium hydroxide and not soft paraffin. Assuming aluminium
hydroxide, this phase was found to have a relatively low mass con-
tent with large uncertainties due to the very low intensity of the
peak.

Table 1
Results of Rietveld analysis on XRD data. Mathematical uncertainties from the fitting
process are also displayed.

Phase Wt.% Crystallite size (nm)

Reaction (1) Rwp = 8.8% Al 8.6 + 0.1 38+2
LiCl 90.8 + 0.1 110 + 10
LiCl-H,0 0.6 + 0.1 70 + 30
Reaction (2) Rwp =6.6% Al 6.0 + 0.1 70 £ 2
NaCl 94.0 + 0.1 130+ 5
Washed sample Ry, =8.3% Al 98.2 + 0.6 56.5 + 0.7
Al(OH); 1.8 £ 0.6 30 + 30
Purchased sample Ry = 11.7% Al 523 +£ 0.6 46.5 + 0.7
8*-Al,03 294 + 0.6 115 £ 0.6
0-Al,03 18.2 +£ 0.7 17 £ 13
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Fig. 4. Transmission electron microscope (TEM) micrographs of aluminium
nanoparticles which have been washed with nitromethane to remove the LiCl salt
by-product. An aggregate of ~25-40 nm aluminium particles is shown and larger
~100 nm aluminium particles are shown in the insert. Both scale bars are 100 nm.

The washed aluminium nanoparticles were also analysed via
TEM to provide more information about the size and distribution of
the pure nanoparticles. The TEM micrographs in Fig. 4 show a range
of aluminium particles from ~25 to ~100 nm in size which exist in
aggregate structures. The particles were identified as aluminium
via energy dispersive spectroscopy (EDS) as shown in Fig. 5. TEM
investigations revealed polydispersity of the aluminium particles
which is most likely due to their formation during the mechani-
cal milling procedure under varied conditions. Crystallite growth
was also evidenced in the XRD results provided in Table 1 which
show a 50% increase in the average aluminium crystallite size after
washing. The salt buffer prevents Al particle growth by physical
separation of the nanoparticles, but after the salt is removed via
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Fig.5. Atypical energy dispersive X-ray spectroscopy (EDS) spectra from TEM inves-
tigations of washed nanoparticles showing a high Al content, minor traces of Cl from
residual LiCl, O from aluminium oxide due to sample air-exposure, and TEM grid
components Cu, C, and Si.

s L T DU VUt S S | s L

1043 - 3
E O Scattering Data| E
- = - Guinier Fit

10839 NN e Power-Law Fit | £

= E —— Unified Fit F
E, 102+
> 3
2 1014
o 3
£ ]
[} 0
5 1073
e} 3
8 o1l
< 10
102

Fig. 6. Small angle X-ray scattering (SAXS) data from washed (LiCl removed) alu-
minium nanoparticles which are shown in TEM micrographs in Fig. 4. The result of
a unified fit to the data is also displayed.

washing nanoparticles come into contact and particle agglomera-
tion can occur.

SAXS data was collected for the washed nanoparticles as shown
in Fig. 6 in order to provide more statistically significant structural
information. A power law relationship between scattered inten-
sity and the scattering vector g 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 equation [22] with
the Irena package [23] for Igor Pro (Wavemetrics, Oregon, USA).
A unified fit was applied to the data resulting in a Guinier region
at low-q with a radius of gyration Rg=21.2nm and a power law
region with a slope of —3.55. 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
Rg = 4/3/5r where 1 is the particle radius, resulting in an overall
average particle size (diameter) of 55 nm which is in agreement
with the average particle size via TEM investigations. The slope of
the power law region (—3.55) at high-g is indicative of rough particle
surfaces [24] which is expected from a sample which is synthesised
via ball milling. Rough particle surfaces are also evidenced via TEM
in Fig. 4. SAXS data was also collected for aluminium nanoparticles
embedded in salt but the data only contained surface scattering
information (a single power law over measured g-space) most likely
due to the abundance of surface scattering from salt particles which
masked the Guinier regime resulting from the size of the aluminium
nanoparticles.

3.3. Deuterium absorption into Al nanoparticles

Deuterium absorption measurements were attempted on
three different samples: Al nanoparticles embedded in NaCl, Al
nanoparticles (washed from LiCl), and purchased Al nanoparticles
(Meliorum). An overview of the absorption conditions is provided in
Table 2. Al in NaCl underwent pressures of 1560 bar at room tem-
perature and at 473 K with no measurable deuterium absorption.
Al (washed) underwent pressures of 1917 bar at room temperature,
1958 bar at 423K and up to 1875 bar at 77 K with no measurable
deuterium absorption. Similarly, no deuterium absorption could be
detected on the as purchased 10-22 nm (Meliorum) Al nanoparti-
cles up to 1900 bar at room temperature. Although these pressures
are still considered low compared to the 28 kbar and 573 K condi-
tions required for hydrogen absorption into bulk aluminium [4,5],
we can comment on several important features regarding success-
ful potential hydrogen absorption into Al nanoparticles. Conditions
of 28 kbar at 573 Kin [4] were required to successfully absorb hydro-
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Table 2

Overview of deuterium absorption conditions for the three samples tested as
described in the text. No measurable absorption was observed for any samples at
the conditions indicated.

Sample Average particle Deuterium absorption conditions
size (nm) Pressure (bar) Temperature (K)
Al in NaCl 40-50 1560 298
1560 473
Al (washed) 55 1875 77
1917 298
1958 423
Al (purchased) 10-22 1900 298

gen into very large ~150 pwm Al powder particles, which were very
likely significantly contaminated with oxygen due to handling in
atmosphere. Al surfaces are poor at dissociating molecular hydro-
gen [25,26], and although oxidised AlH3 powder has successfully
prevented H release over a period of decades due to H imperme-
able surface layers of Al,03 [27], the benefit of possessing small
amounts of oxide at the AlH3 surface remain unknown, and it is not
clear if Al,03 is better at dissociating molecular H, than pure Al
surfaces. As our attempts to hydride Al nanoparticles below 2 kbar
were unsuccessful, it is clear that no significant change in the ther-
modynamic properties compared to the bulk occurs, even at the
10 nm scale, assuming that other factors are favourable for hydro-
gen absorption at the temperatures studied. Both the absorption
kinetics and hydrogen dissociation ability will be hindered at low
temperatures, especially 77 K, which could mean that low tem-
perature hydrogen absorption into pure aluminium is extremely
slow and near undetectable under normal conditions. Recent the-
oretical investigations indicate that hydrogen absorption into bulk
aluminium may be thermodynamically favourable at low temper-
atures where very low equilibrium pressures are predicted (7 kbar
at 300K [28] and 50bar at 77K [29]). It should be noted that the
predicted 50 bar equilibrium pressure in [29] assumes that AH
and AS are temperature independent which is a dubious assump-
tion over a temperature range of 77-1000 K. If we assume that the
predicted pressure of 50 bar is correct and compare it to the experi-
mental hydrogen absorption attempt herein (1875 bar at 77 K) then
an extreme kinetic barrier must be present given the significant
overpressure produced experimentally.

As such, the only remaining option to hydride Al nanoparticles
>10nm in the 2 kbar pressure range, is to modify the Al surface to
promote molecular H, dissociation. The recent addition of small
amounts of transition metals such as Ti to NaAlHy, has resulted
in the formation of Al;_,Tix surface embedded phases which are
efficient at dissociating molecular H, [30] which is also reflected
by theoretical results [26]. A similar approach can be adopted for
pure Al, and the investigation of transition metal enhanced Al nano
particles may prove beneficial in the study of hydrogen absorp-
tion in the 2 kbar range. It is clear from theoretical predictions that
hydrogen absorption would be most thermodynamically favourable
at low temperatures and if the kinetic barriers can be overcome
using catalysts then absorption at 77 K may be possible at modest
pressures.

4. Conclusion

Pure Al nanoparticles have been synthesised via a
mechanochemical method. XRD results indicate that the LiCl
salt by-product from synthesis can be completely removed via
washing with a nitromethane/AICl; solution. TEM and SAXS

results show that the nanoparticles are on average ~55nm with
particle polydispersity and a rough surface structure. XRD results
also show that there is little or no oxide contamination which is
beneficial for Al nanoparticle use in the propellant, pyrotechnic and
explosives industries. Deuterium absorption measurements were
unsuccessful at moderate pressures which indicates that pressures
greater than 2 kbar are required to introduce hydrogen into pure Al
nanoparticles greater than 10 nm in size at temperatures ranging
from 77 to 473 K.
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A mechanochemical synthesis process has been used to synthesise alane (AlH3) nanoparticles. The alane
is synthesised via a chemical reaction between lithium alanate (LiAlH4) and aluminium chloride (AICl3)
at room temperature within a ball mill and at 77 K within a cryogenic mill. The reaction product formed
consists of alane nanoparticles embedded within a lithium chloride (LiCl) by-product phase. The LiCl is
washed with a solvent resulting in alane nanoparticles which are separated from the by-product phase
but are kinetically stabilised by an amorphous particle surface layer. The synthesis of a particular alane
structural phase is largely dependent on the milling conditions and two major phases (o, ') as well as
two minor phases (3, ) have been identified. Ball milling at room temperature can also provide enough
energy to allow alane to release hydrogen gas and form aluminium metal nanoparticles. A comparison
between XRD and hydrogen desorption results suggest a non-crystalline AlH; phase is present in the
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X-ray diffraction synthesised samples.
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1. Introduction

Alane is a metal hydride with a high 10.1 wt.% gravimetric
hydrogen capacity. It was first synthesised in a pure form in 1947
[1], but despite its usefulness in a number of industries it has not
become widely available primarily due to difficulties in large-scale
wet chemical synthesis [2]. Alane has potential applications in the
fields of hydrogen storage, chemical catalysis, explosives, propel-
lants and pyrotechnics. As such a number of recent studies have
focussed on investigating AlH3 structural and hydrogen sorption
properties. Three of the AlH3 crystal structures were only recently
solved [3-5] even though they had been known to exist for over 30
years [6]. Anumber of studies have also been undertaken to investi-
gate the kinetics of decomposition of AlH3 [7,8] including the effect
of dopants and/or particle size on the kinetics [9,10].

Traditionally bulk quantities of alane were primarily synthe-
sised via a wet chemical process [6], however the formation of
AlH3 from its elements has also been undertaken under high
hydrogen pressure (~2.5 GPa) [11,12]. In the last few years certain
novel experimental techniques have been used to synthesise AlH3
including electrochemical charging [13], supercritical fluid hydro-
genation [14], and a range of AlH3 adducts have been formed which
were found to be reversible under much milder hydrogen pressures
[15]. The wet chemical process used for alane production involves
the synthesis of an alane-ether complex within a solvent (usually

* Corresponding author. Tel.: +61 8 92663532; fax: +61 8 92662377.
E-mail address: C.Buckley@curtin.edu.au (C.E. Buckley).
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diethyl ether) as follows [7]:
AICI3+3LiAlH4+n[(CoHs),0] — 4AIH; - 1.2[(CoHs),0]+3LiCl (1)

The wet chemical synthesis of AlHj3 is very sensitive to both
temperature and time [7] and as such large-scale production and
structural phase selection via this method is very difficult. There are
seven structural phases (a, o/, B, v, 8, €, {) which have been synthe-
sised from the wet chemical method under various temperature,
pressure and reaction conditions during the ether removal [6]. A
mechanochemical synthesis method for alane has been performed
previously in the literature [3] which involves the mechanical ini-
tiation of the following reaction:

AICl5 + 3LIAIH, — 4AIH3 + 3LiCl  A;Gaegk = —191kJ/mol

A;—G77K= —158 k]/mol (2)

The reaction progresses both at room temperature and at 77 K
due to the relatively high change in Gibbs free energies. Brinks
et al. [3] surmised that room temperature synthesis was ineffi-
cient in synthesising AlH3 due to the low alane yields and high
Al content. Aluminium forms due to the high milling energy at
room temperature which allows for AlH; to decompose to Al
and H,. As a result, cryogenic milling is the preferred synthesis
method in synthesising AlH; because low temperatures main-
tain lower milling temperatures, restricting AlH3 decomposition.
In the present work, room temperature milling was attempted
under a variety of milling conditions (ball size, ball to powder
ratio, and time) to explore its usefulness in the synthesis of a
variety of alane structural phases and in minimising the alu-
minium content. Cryomilling at 77 K was also undertaken in order
to provide a comparison of synthesis techniques, and a washing
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procedure was utilised to remove the salt by-product from the AlH;
nanoparticles.

Mechanochemical synthesis differs from standard ball milling.
A standard ball milling process results in a reduction in the particle
size of a sample and eventually the formation of nanosized grains
within micron-sized particles [16]. However the mechanochem-
ical method involves the initiation of a solid-state displacement
reaction during the ball milling process [16] which can result in
nanosized particles (down to 4 nm in size [17]) embedded within
larger by-product phase particles. Mechanical milling is utilised
in the mechanochemical synthesis of nanoparticles because it
effectively blends the reactants, forming nanoscale mixtures and
increases the chemical reactivity (and also the reaction kinetics)
leading to a chemical reaction between these reactants enabling
the product phase to form [18]. The mechanochemical synthesis
process has been used in the past [19,20] to synthesise a broad
range of metal nanoparticles as well as other compounds such as
oxides and sulphides.

Particle size control can be gained by adjusting such factors as:
the volume fraction of the by-product phase formed during milling,
milling time, milling collision energy (ball-to-powder mass ratio
and ball size) [18], milling temperature, and the use of process
control agents [20]. The addition of a buffer material (i.e. LiCl) was
utilised in the present work in order to promote nanoparticle for-
mation and restricts the growth of large agglomerates of the desired
product phase. The removal of the salt by-product phase was also
undertaken and changes regarding AIH3 decomposition behaviour
in washed samples were investigated.

2. Experimental

All handling of chemicals and sealable milling vials was undertaken in an
argon-atmosphere glovebox in order to minimise oxygen (0, <5 ppm) and water
(H20 <3 ppm) contamination. All samples were analysed as close to synthesis as pos-
sible in order to prevent sample degradation, during storage, from affecting results.
LiAlH4 (Sigma-Aldrich, 95%), AlCl5 (Sigma-Aldrich, 99%), and LiCl (Sigma-Aldrich,
>99%) were used as starting reagents. Room temperature ball milling was performed
with a custom made ball milling canister (650 cm? internal volume) attached to
a Glen Mills Turbula T2C shaker mixer. The ball milling canister was made from
stainless steel (316) and was sealed with an o-ring on both ends. The balls were
made from the same material as the canister to minimise sample contamination
due to the degradation of both the canister and balls. Cryogenic (77 K) milling was
undertaken using a Spex 6850 freezer mill with both a supplied 190 cm® milling
vial and a custom made [21] 14.3 cm® milling vial, using 145.5¢ and 32 g milling
rods, respectively. Samples were milled with a LiCl buffer which was added to the
initial reagents prior to milling to deter agglomeration and promote nanoparticle
production. Milling parameters (such as ball size and milling time) were altered to
explore the variety of reaction products.

The selection of an appropriate solvent is a crucial part of the synthesis process
as the solvent must firstly be able to dissolve large quantities of the by-product
phase (LiCl), it must be relatively unreactive to the alane nanoparticles, and it must
also have a low viscosity so that it may be separated from the nanoparticles once
it has dissolved the by-product phase. Solvent choice is made very difficult because
alane is a powerful reducing agent and as such is very reactive with a range of
solvents including a variety from the following groups: alcohols, phenols, amines,
thiols, aldehydes, ketones, quinones, carboxylic acids, esters and lactones, epox-
ides, amides and nitriles, and some nitrogen and sulfur compounds [22]. Alane also
dissolves in certain solvents which dissolve LiCl such as tetrahydrofuran (THF). How-
ever it has been found [22] that some nitro compounds and some sulfur compounds
are relatively inert to alane. As such, nitromethane (Sigma-Aldrich, 96%) was used
as the LiCl solvent. However in order to promote LiCl solubility in nitromethane,
aluminium chloride was added in a 3:1 ratio of AlCl5:LiCl because the presence of
certain other salts in solution have been found to promote the LiCl solubility in
nitromethane [23].

Centrifugation was used to separate the solvent (containing the dissolved LiCl
by-product phase) from the alane nanoparticle product, and the saline solution was
decanted. Washing was performed three times, twice with a nitromethane/AlCl3
mix and once with pure nitromethane. Room temperature milled AlH; samples
did not present any visible signs of reaction with the solvent however notice-
able gas evolution was present on addition of the cryogenically milled samples
to the nitromethane/AlCl; solution. The gas evolution indicates an adverse reac-
tion between the solvent and cryogenically milled sample. This is an indication that
either the cryogenically milled alane is more reactive, or that a reaction between
nitromethane and the LiAlH, starting reagent was observed due to the reaction of

the cryogenically milled sample not reaching completion. It should be noted that
LiAlH,4 is violently reactive with nitromethane and significant quantities of heat and
fumes are generated upon contact with one another, even in dilute concentrations.
Given the mild reaction between the solvent and the cryogenically milled sample it
is unlikely that LiAlH, is present. As such a different solvent should be utilised in fur-
ther studies in order to synthesise pure unreacted AlH; nanoparticles. Despite the
observed reaction in cryogenically milled samples, the as-synthesised and washed
alane samples were characterised to determine their hydrogen desorption kinetics
and structural properties. The final washed alane product was put under vacuum
for a few hours at room temperature to remove any final traces of solvent to obtain
salt-free alane nanoparticles.

X-ray diffraction (XRD) was performed using a Siemens D500 diffractometer
(CuK, radiation) with a 26 range of 10-80° using 0.02° steps with 3s of count
time per step with operating conditions of 40 kV and 30 mA. XRD was also under-
taken on a Bruker D8 Advance diffractometer (CuK, radiation) with a 26 range of
10-100° using 0.02° steps with 0.8 s of count time per step with operating con-
ditions of 40kV and 40mA. Samples were loaded into XRD sample holders in
an argon glovebox and either sealed under a 4 wm mylar film or sealed within
a poly(methylmethacrylate) (PMMA) air-tight holder to prevent oxygen/moisture
contamination during data collection. The protective holders generate large amor-
phous humps in the data sets which were removed from the included figures
for clarity via peak fitting in Topas (Bruker AXS, Karlsruhe, Germany). The back-
ground subtraction resulted in certain angular regions with increased noise content.
Rietveld analysis was performed on the XRD patterns using Topas in order to pro-
vide additional structural information from the crystalline phases in the washed
and unwashed samples. The crystallite sizes were determined from an LVol-IB
method (volume averaged column height calculated from the integral breadth)
[24] which provides a good measure of the volume-weighted average crystallite
size.

Transmission electron microscopy (TEM) was conducted on a JEOL JEM2011
instrument operating at 200 kV which was coupled with an Oxford Instruments
energy dispersive X-ray spectrometer (EDS) for elemental analysis. Samples were
loaded onto 200 mesh copper grids with holey carbon support films drop-wise via
suspension in either nitromethane or toluene. The TEM grids contain minor traces
of silicon resulting from the manufacturing process. Samples must be exposed to air
before being loaded into the TEM column; however air-exposure time was kept as
short as possible.

Hydrogen sorption experiments were performed in a manometric apparatus
using the Hemmes equation of state [25] and the method of McLennan and Gray
[26] to account for the compressibility of hydrogen. The digital pressure gauge
(Rosemount 3051S) had a precision of 14 mbar and accuracy of 6 mbar, whilst room
temperature measurements were recorded using a 4-wire platinum resistance tem-
perature detector (RTD). Non-ambient sample temperatures were generated using
a sealed tube furnace which was externally calibrated to +1°C.

3. Results and discussion

Aluminium hydride (AlH3) has been reported to be stable in air
for decades at room temperature due to its heavy oxide coating [9],
however freshly mechanochemically synthesised alane is unsta-
ble due to its clean oxide-free surface, which does not significantly
kinetically restrict decomposition. Alane is prone to decomposi-
tion as a result of its thermodynamic properties because AG of
formation is positive at-temperatures greater than approximately
—200°C (when extrapolated from experimental data [27]). Theo-
retical calculations [28] suggest that AG of formation is positive
(for the AlH3 phases investigated) at all temperatures, and as such
decomposition may occur spontaneously. Mechanochemically syn-
thesised samples exhibit relatively rapid decomposition at room
temperature (significantly over months) when stored under an
argon atmosphere. The decomposition is evidenced by XRD data
provided in Fig. 1, which displays a significant reduction in the AlH3
content over 1 month, matched by an increase in the Al content of
the sample when stored at ~25°C.

Quantitative phase analysis (QPA) results (see Table 1) outline
the decomposition of the mechanochemically synthesised alane
sample over time. After 1 month the alane content has been reduced
to 73% of its as-synthesised content, increasing the aluminium con-
tent significantly. LiCl content does not change over time, although
some LiCl-H,O is present in the aged sample due to an improper
seal with the mylar film during data collection. The o’-AlH3 phase
decreased by 20.3% whereas the a-AlH3 phase decreased by 31.9%
over 1 month.
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Fig. 1. X-ray diffraction (XRD) patterns from mechanochemically synthesised alane
undertaken cryogenically (77 K) with no buffer, which is shown to decompose sig-
nificantly over time. The patterns are background subtracted for clarity. Rietveld fits
to the data are also displayed (solid line) along with difference plots.

The disproportionate decomposition indicates that o-AlH3
decomposes more readily at room temperature, provided that a-
AlH3 does not undergo a phase transition to o’-AlH3 during this
time. The result is curious because a-AlH3 is reported to be the
most stable alane phase [9] as both - and y-AlH3 were shown to
transition to a-AlH3 before decomposition evidenced by calorime-
try [29] and in-situ XRD [30,31]. The calorimetry results discount
the possibility of an a-AlH3 — o’-AlH3 phase transition as no ther-
modynamic transitions were found during a-AlH3 decomposition
[29]. In fact, experimental and theoretical results [32] demonstrate
that the opposite reaction can occur where o’-AlH3 — a-AlH3 if
conditions are both kinetically and thermodynamically favourable.
Therefore the disproportionate decomposition instead suggests a
more rapid a-AlH3 decomposition at room temperature in com-
parison to o’-AlHs. In the literature a-AlH3 is the phase which is
synthesised reversibly via the reaction of hydrogen gas with alu-
minium at extreme pressures [12,33]. The preferred formation may
be due to a-AlH3 having the most compact crystal structure, but the
XRD results herein indicate that o’-AlH3 is more stable over time
at room temperature. In addition theoretical results also show [34]
that o’~-AlH3 is more stable than a-AlH3 in regards to the thermo-
dynamics of decomposition. It is not known if the o’-AlH3 stability
(seen at room temperature herein) is a function of either kinetic

Table 1
Crystalline QPA results from Rietveld fits to XRD data given in Fig. 1. Mathematical
fitting uncertainties of one standard deviation are provided.

Phase Crystalline (wt.%) Crystallite size (nm)
0 Month o'-AlH3 14.8 £ 0.2 16.1 + 0.6

a-AlH3 19.1 £ 0.3 15.0 £ 0.4

Al 3.6 £0.1 18.0 £ 1.2

LiCl 62.5 + 0.3 275+ 1.0
1 Month o'-AlH3 11.8 £ 0.3 15.6 + 1.0

a-AlH3 13.0 £ 0.3 238+ 1.2

Al 134+ 0.2 30.0 £ 0.9

LiCl 594 + 04 254+ 1.0

LiCl-H,0 23 +£0.2 18.8 £ 10.2
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Fig.2. X-ray diffraction patterns from mechanochemically synthesised alane under-
taken at room temperature with a 2.2:1 LiCl:AlH3 volume ratio for (A) 2 h, (B) 4h,
and (C) 6 h. The patterns are mylar subtracted, offset and the square root of intensity
is displayed for clarity, however a high-noise region exists due to the subtraction
of a large mylar hump. Rietveld fits to the data are also displayed (solid line) along
with difference plots.

or thermodynamic factors. The stability over time does not seem
to be related to crystallite size as the average crystallite size of a-
AlH3; was found via Rietveld to be 15.0 £0.5nm and 19 + 1 nm for
the 0 month and 1 month samples respectively whilst the average
crystallite size was 17.0 4+ 0.6 nm and 17 + 1 nm for o’~AlH3 in the 0
month and 1 month samples, respectively. The crystallite sizes are
comparable between both phases however it is possible that par-
ticle size differences between the phases could lead to different
decomposition rates. It is also possible that any phase transfor-
mations to or from amorphous phases could bias these crystalline
phase results obtained using QPA by the Rietveld method.

3.1. Room temperature synthesis

Room temperature mechanochemical synthesis is reported to
produce low alane yields [3] due to the decomposition of AlH3 to
Al and Hj resulting from the energy provided during milling. Room
temperature ball milling was undertaken under a variety of milling
conditions in order to understand the impact of these conditions
on AlH3 yields and phase production. Initially room temperature
milling was undertaken using a mixture of 12.7 mm and 7.938 mm
balls with a 39:1 ball to powder ratio (B:P) and a LiCl buffer was
used to provide a2.2:1 volumeratio of LiCl:AlH3 in the final product.
However it was determined via XRD that more than 50% of the syn-
thesised AlH3 had decomposed to Al during just 1 h of milling. The
rapid decomposition is a result of the significant energy provided
during milling from the large balls. As a result room temperature
milling was undertaken using 4 mm balls in a smaller 13:1 B:P ratio
in order to lower the milling energy and reduce the decomposition
of the as-synthesised AlH3. XRD was undertaken after milling for
2,4, and 6 h as provided in Fig. 2.

QPA results (see Table 2) outline the crystalline sample compo-
sition as a function of milling time. Crystalline o’-AlH3 is present
in moderate quantities in the sample milled for 2 h (Fig. 2A), how-
ever the alane content is reduced almost to zero in samples which
were milled for longer (Fig. 2B and C). Minor trace phases of both
[3-AlH3 and y-AlH3 are noted in some XRD patterns (Fig. 2A and B),
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Table 2

Crystalline QPA results from Rietveld fits for the 2 h, 4 h, and 6 h room temperature
milled sample XRD patterns given in Fig. 2. Mathematical fitting uncertainties of
one standard deviation are provided. Some crystallite sizes are not included due to
the very low phase wt.% which makes results unreliable.

Phase Crystalline (wt.%) Crystallite size (nm)
2h o’-AlH; 12.0 £ 0.1 36.9+1.6
B-AlH3 0.7 £ 0.1 -
Al 3.7+0.1 64.6+4.3
LiCl 81.7 £ 03 407.4+83.6
LiAlH,4 1.9+03 -
4h o'-AlH; 0.7 £ 0.1 -
y-AlH; 26 +0.2 58.7+16.5
Al 22 +0.1 71.5+9.9
LiCl 92.0+£ 04 130.0+10.6
LiAlH4 24 +£04 -
6h o'-AlH; 04 + 0.1 -
Al 20+0.1 43.2+5.2
LiCl 97.5 £ 0.1 65.3+3.2

which indicate that alane phase transformations are occurring dur-
ing milling. Despite the very low crystalline AlH3 content in the 6 h
milled sample, given by XRD (Fig. 2C), hydrogen sorption measure-
ments indicate that the sample contains a considerable portion of
AlH3. The 6 h as-milled sample was incrementally ramped to 150°C
over 120h and desorbed a quantity of hydrogen that equates to
a 8.1wt.% AlH3 content in the entire synthesised sample (from a
theoretical maximum of 24.6 wt.%). This desorption result in con-

junction with the decline in crystalline Al and AlH3 content with
increasing milling time indicates that there is non-crystalline Al and
AlHj; present in the sample after milling at room temperature with
small 4 mm balls. It may also be possible that the as-synthesised
AlH3 is so nanoscopic that some XRD peaks are hidden under
the background noise. To the authors’ knowledge non-crystalline
AlH3 has not been previously reported in the literature. Theoreti-
cal investigations have suggested the possibility of crystalline AlH3
phases existing in real samples which have not been identified
experimentally to date [28]. However, given that no unidentified
crystalline peaks are present in the XRD patterns it is unlikely that
these phases exist in the samples herein.

TEM investigations of the room temperature synthesised alane
nanoparticles were performed whilst they were still embedded in
salt and after they had been washed with nitromethane and AlCl3
(to remove the LiCl by-product phase). The micrograph provided in
Fig. 3A illustrates alane nanoparticles (~100 nm) embedded within
larger (~400 nm) salt clusters. It can be seen in Fig. 3B that the alane
nanoparticles decompose under the electron beam after a short
time (2 min) resulting in a decrease in particle size. After samples
were washed (removing LiCl) two distinct particle morphologies
existed: Large geometric-shaped single crystals as shown in Fig. 3C
and clusters of small irregularly shaped crystals as shown in Fig. 3D.
The large crystal in Fig. 3C was identified as a LiCl single crystal
via electron diffraction. Given that the LiCl phase is not detectable
using lab-based XRD, its presence only in TEM investigations sug-
gests that it is a minor sample component that is a remnant from

Fig. 3. TEM micrographs of as-milled samples which display (A) AIlH; nanoparticles embedded in a larger LiCl salt cluster initially and (B) after 2 min under the beam. Washed
samples show (C) low quantities of LiCl crystals and predominantly (D) small 30-50 nm Al/AlH3 particles in aggregate clusters. White arrows depict the AlH; particle which

decreased in size over time.
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Fig.4. X-ray diffraction (XRD) patterns from mechanochemically synthesised alane
undertaken cryogenically with a 0.76:1 LiCl:AlH3 final volume ratio, which were
milled for (A) 15min, (B) 30 min and (C) 60 min. Patterns have been background
subtracted and offset for clarity. Rietveld fits to the data are also displayed (solid
line) along with difference plots.

the washing process. The washed sample primarily consisted of the
smaller crystals shown in Fig. 3D, which were identified as Al-rich
via energy dispersive X-ray spectroscopy (EDS) during TEM investi-
gations, indicating that these crystals are either AlH3 or Al (resulting
from alane decomposition). The washed AlH3/Al nanoparticles in
Fig. 3D are aggregated together but consist of 30-50 nm particles
which appear similar to TEM micrographs of dehydrided o-AlH;
particles recently presented in the literature [35], although those
herein seem to be clusters of separate particles rather than large
particles with internal structure.

3.2. Cryogenic synthesis

Cryogenic (77 K) milling provides high alane yields (low Al con-
tent) due to the low milling temperatures, which minimises the
decomposition of alane in contrast to room temperature milling [3].
XRD was utilised to analyse samples that were cryogenically milled
for increasing times without the use of a reaction buffer material as
shown in Fig. 4. XRD data after milling for 1 min (not included here)
indicates only starting reagents (AlCls, LiAlH4, and LiCl) are present.
For samples milled for 15 min or longer no starting reagents are
detected and AlH3 and LiCl are the only crystalline phases present.
The XRD data shows that samples milled for 15 min and 30 min have
both o’-AlH3 and a-AlH3 phases in similar ratios, however for the
sample milled for 60 min the a-AlH3 phase is dominant. QPA results
indicate that the Al wt.% is 3.0, 5.0, and 11.9+0.3 for the 15 min,
30 min, and 60 min samples, respectively. Thus longer milling times
result in higher Al yields due to the longer times in which AlH3 is
exposed to high energy milling. However the Al content in cryo-
genically synthesised samples is much lower than those measured
in room temperature synthesised samples, indicating that the low
milling temperatures do restrict AlH; decomposition and prevent
high Al yields.

In order to promote nanoparticle formation, samples were cryo-
genically milled for 60 min with a large quantity of reaction buffer
(2:1 LiCl:AlH3 volume ratio). XRD results are provided in Fig. 5A
for the as-milled sample, which show a high a-AlH;3 yield with
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Fig. 5. X-ray diffraction (XRD) patterns for cryogenically synthesised alane milled
for 1h with a 2:1 LiCl:AlH; volume ratio (A) before and (B) after washing with
nitromethane and AICl;. Patterns have been background subtracted for clarity.
Rietveld fits to the data are also displayed (solid line) along with difference plots.

minor o’-AlH; and Al phases as well as the LiCl reaction by-
product phase. The result is similar to the reaction undertaken
cryogenically with no reaction buffer where high a-AlH3 yields
are encountered with some Al decomposition product present. A
sample of as-milled powder was washed using nitromethane and
AlCl; to remove the LiCl by-product phase. However noticeable
gas evolution was apparent upon addition of the sample to the
nitromethane/AlCl; solution during washing indicating that a reac-
tion between the AlH3 and the solution occurred. Gas evolution
was not noticeable when washing mechanochemically synthesised
pure Al nanoparticles [36] indicating that cryogenically synthesised
alane is much more reactive than Al even though gas evolution from
alane would be more noticeable due to its internal hydrogen sup-
ply. Even though a reaction with the solvent was noted, XRD of the
washed sample as shown in Fig. 5B does not show any unwanted
crystalline reaction products. The only crystalline phases present
in the washed sample are o’-AlH3, a-AlH3, and Al

Hydrogen desorption experiments were undertaken within 1
week of sample synthesis and/or washing to ensure room tem-
perature alane decomposition was minimised. Both unwashed
(as-milled) and washed samples of cryogenically synthesised alane
(2:1 LiCl:AlH3 volume ratio) were loaded into a manometric
hydrogen sorption apparatus and initially evacuated at room tem-
perature for 30 min. The samples were then raised to 50°C and
held at this temperature for 24 h, followed by 24 h at 100°C and
then 150°C respectively in order to examine the kinetic behaviour
and maximum desorbed wt.% of the samples. Hydrogen desorption
data is displayed in Fig. 6 which depicts the wt.% of H; as a function
of time in the calculated non-salt portions of the unwashed and
washed samples. This relates to the percentage of hydrogen des-
orbed from the Al/AlH3 portions of the samples (26.43% and 100%
of the unwashed and washed samples, respectively).

Alane is thermodynamically unstable over a large temperature
range and its decomposition is in fact only kinetically limited.
Kinetic barriers are crucial in stabilising alane at moderate tem-
peratures given its extreme equilibrium pressures (i.e. 28 kbar at
300°C [11,12]). The unwashed sample desorbs a significant quan-
tity of hydrogen (3 wt.% Hy from Al) over 24 h at 50 °C. This indicates
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Fig. 6. Hydrogen desorption data from (A) unwashed and (B) washed samples cryo-
genically milled for 1h with a 2:1 LiCl:AlH3 volume ratio. The H, wt.% is given as
a percentage of the calculated non-salt portion of the samples. Data was collected
every 2 min for 24 h periods at each temperature consecutively.

rapid decomposition at a lower temperature than results reported
for bulk, Dow-synthesised alane which provide adequate kinetics
oftenin the order of 100 °C, although these kinetics can be enhanced
by doping [9]. However similar kinetics to those reported herein
have been observed for freshly synthesised alane decomposed at
60°C [7]. Fig. 6 shows that rapid desorption occurs at 100°C and
raising the sample temperature to 150 °Cresults in complete hydro-
gen desorption. The resultant measured alane content is 25.0 wt.%
in the total sample with only a calculated as-milled 1.4 wt.% Al con-
tent (73.6% LiCl). The desorption kinetics will likely be hindered by
the fact that the alane particles are embedded within a LiCl salt
matrix. Restricted desorption kinetics are beneficial during room
temperature storage but LiCl is not fully effective in kinetically
stabilising alane decomposition.

The hydrogen desorption results for the washed alane sample
are interesting. Firstly desorption kinetics are significantly slower,
and secondly the maximum H, wt.% is half that of the unwashed
sample. Desorption kinetics should be quicker for the washed
sample due to the absence of kinetically hindering LiCl salt. How-
ever, the slower observed kinetics suggest a limiting factor may
be present. Aluminium oxide surface layers can be detrimental to
molecular [37] and even atomic [38] hydrogen permeation. Despite
XRD showing only AlH3 and Alin the washed samples, the evolution
of gas upon addition of the as-synthesised sample to nitromethane
suggests that an unwanted (oxide/hydroxide) phase may have
formed. The formation of amorphous aluminium oxide phases
rather than crystalline phases have been theoretically shown to be
thermodynamically favourable [39]. The theoretical results in the
literature have also been reinforced by experimental amorphous
oxide formation [40]. Given that no oxide or hydroxide phases were
detected with XRD and that the maximum H; wt.% is half that of the
unwashed sample it seems likely that the washed sample contains
a significant amorphous aluminium oxide/hydroxide phase. The
extent of oxide contamination would be exacerbated by the small
particle size of the synthesised AlH; nanoparticles that provides a
large surface area in which oxide formation can occur.

XRD was also performed on the desorbed unwashed and washed
alane samples (see Fig. 7). The XRD data verifies that hydrogen des-
orption was complete for both samples. No crystalline oxide or

10000 — N
qA. Unwashed

@
=]
=]
=]
|

6000

4000

Intensity (Counts)

2000

, J

A

58
bl

-+
4

B. Washed
15000

10000

Intensity (Counts)

5000

4 v
| .
0 i

200 o I i " i =]
e W ——
10 20 30 40 50 60 70 80 90 100

20 ()

S N TS NN N

Fig.7. X-raydiffraction (XRD) patterns for desorbed cryogenically synthesised alane
milled for 60 min with a 2:1 LiCl:AlH; volume ratio (A) before and (B) after washing
with nitromethane and AICl;. Patterns have been background subtracted for clarity.
Rietveld fits to the data are also displayed (solid line) along with difference plots.

hydroxide phases are observed in the desorbed sample XRD pat-
terns which were taken after sample heating to 150 °C. QPA results
provided in Table 3 display the crystalline compositions of both the
unwashed and washed alane samples before and after desorption. A
comparison between the AlH3 content derived from hydrogen des-
orption measurements for the unwashed sample (25.0 wt.%) and
the AlH3 content from XRD results (15.8 wt.%) reveals a disparity
between the total amount of alane in the sample and the crystalline
content. These results suggest that at least 37% of the alane present
in the unwashed sample is non-crystalline.

Based on knowledge of the sample history and crystallite
size trends (see Table 3), information regarding alane crystallite
behaviour upon washing and desorption can be gained. A compari-
son between unwashed and washed samples reveals an increase
in the average crystallite size of AlH3 and Al upon washing. An
average crystallite size increase may occur from two phenomena.
Firstly, centrifugation preferentially separates the largest AlH3/Al
particles from solution first, and it is possible that the smallest
particles remained in solution increasing the average separated
crystallite size. Secondly, it is possible that exothermic amorphous
oxide formation during the washing procedure generated heat that

Table 3

Crystalline QPA results from Rietveld fits for XRD patterns given in Figs. 5 and 7 for
unwashed and washed alane samples before and after desorption. Wt.%, crystallite
sizes, and mathematical fitting uncertainties of one standard deviation are provided.

Phase Crystalline (wt.%)  Crystallite size (nm)
Unwashed o'-AlH3 5.8+0.4 113 £ 1.7
a-AlH3 10.0+0.3 205+ 1.0
Al 2.7+03 79 £ 13
LiCl 81.5+0.5 40.5 + 1.8
Unwashed-desorbed Al 23.94+0.1 39.0 + 0.6
LiCl 76.1+0.1 81.0 £ 3.1
Washed o'-AlH3 28.4+0.2 17.7 £ 0.3
o-AlH3 62.9+0.2 215+ 0.2
Al 8.8+0.1 223 +£0.7
Washed-desorbed Al 100 26.1 + 0.1
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promoted crystallite growth in solution. Alternatively physical con-
tact between AlH3/Al particles upon the removal of the salt matrix
may have also resulted in particle agglomeration and crystallite
growth.

A comparison between the XRD data for desorbed samples and
their precursor materials also reveals alane crystallite behaviour.
In the unwashed samples it appears that the 2:1 volume ratio
between LiCl and AlH3 may be insufficient to completely separate
the AlH3 particles. Previous research [41] has required using vol-
ume ratios as high as 10:1 to result in well separated particles.
Consequently, during desorption (heating to 150°C), crystallite
size may increase due to both intra-particle crystallite growth and
inter-particle agglomeration. In the washed samples, there is very
little difference in the crystallite size of the Al upon heating to
150°C. Intra-particle crystallite growth may have already occurred
during the washing process and the amorphous oxide coating gen-
erated during this washing may hinder inter-particle growth during
heating.

4. Conclusions

Alane nanoparticles have been synthesised via both room tem-
perature and cryogenic mechanochemical synthesis. The evolution
of alane production was investigated as a function of milling time
under a variety of milling conditions. Cryogenic milling was verified
to form higher yields of AlH3 and four different crystalline alane
phases (a, o/, B, v) were identified via XRD structural investiga-
tions. The LiCl reaction by-product phase was removed via washing
with a nitromethane/AlCl3 solution, which adversely reacted with
the AlH3 nanoparticles. The hydrogen desorption kinetics for the
washed sample were hindered and the maximum H; wt.% was
halved, although no crystalline oxide or hydroxide phases were
found via XRD. Unwashed mechanochemically synthesised AlH3
was found to desorb at room temperature over months and signifi-
cantly at 50°Cin a 24 h period. QPA results coupled with hydrogen
desorption measurements suggest the presence of an amorphous
AlH3; phase in mechanochemically synthesised samples, which
deserves further study to identify its structural characteristics. If
mechanochemically synthesised alane is to be successfully washed
from LiCl a less reactive solvent must be discovered which will not
alter the alane particle surface. However, alane without a kinetic
barrier to hydrogen desorption is extremely unstable at room tem-
perature.
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A mechanochemical method was used to synthesise magnesium hydride nanoparticles with an average
crystallite size of 6.7 nm. The use of a reaction buffer was employed as a means of particle size control
by restricting agglomeration. Increasing the amount of reaction buffer resulted in a decrease in crystal-
lite size, as determined via X-ray diffraction, and a decrease in particle size, evidenced by transmission
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1. Introduction

Hydrogen is an ideal energy carrier and contains more chemical
energy per weight than any hydrocarbon. It can be used in a fuel
cell to produce water as the only emission. However, the effective
storage of hydrogen still remains a barrier to the implementation
of a hydrogen economy. Magnesium has been widely studied due
to its ability to absorb 7.7 wt.% of hydrogen but its use is impeded
by a high thermal stability and poor sorption kinetics. The kinetic
issue has largely been overcome by using ball milling to intro-
duce catalytic metal oxides [1-5] or metal halides [6,7]. Recently,
theoretical work has suggested that reducing the MgH, particle
size below 10 nm [8] should alter the thermodynamics of MgH,
with the effect becoming appreciable below 3 nm [8-11]. Tradi-
tional ball milling can reduce MgH, crystallite sizes to ~7 nm [5]
but these consist of crystallite domains within much larger parti-
cles. Subsequent heating to 300 °C to release hydrogen also results
in substantial crystallite growth [5,12]. Recent efforts to produce
nanometre-sized magnesium include magnesium melt infiltration
into porous carbon [13] and sonoelectrochemical deposition from
magnesium salt solutions [14].

Mechanochemical synthesis is a technique that employs
solid-state displacement reactions during ball milling [15]. This
method has been used recently to synthesize AlH; [16] and
Mg(AlH,), [17]. However, these authors did not use particle size

* Corresponding author. Tel.: +61 8 92664955; fax: +61 8 92662377.
E-mail address: drew.sheppard@gmail.com (D.A. Sheppard).
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control methods, such as varying: the amount of buffering agent;
the milling time; the milling collision energy and; the milling tem-
perature, that have been used to produce separated, nanosized
particles of oxides [18], mixed metal oxides [19], metals [20,21],
hydrides [22] and sulphides [23]. Employing the particle size con-
trol methods can produce particles as small as 4 nm [24] embedded
in larger by-product phase particles. Herein, for the first time, we
present the results of the synthesis of MgH, nanoparticles using
the mechanochemical method. In addition, the variation in the
microstructure of the synthesised MgH, was examined as a func-
tion of the quantity of LiCl used as a reaction buffer. The aim of
using LiCl as a reaction buffer is not to produce a new hydrogen
storage material comprising MgH, and LiCl but to produce sepa-
rated nanosized particles of MgH, for which the thermodynamics
can be compared to theoretical predictions. The synthesis of MgH,
was achieved by utilising the following chemical reaction:

2LiH + MgCl, — MgH, + 2LiCl (1)

The reaction between LiH and MgCl, was first undertaken by
Ashby & Schwartz in 1971 within a tetrahydrofuran (THF) solvent
[25]. The reaction was only found to progress under refluxing con-
ditions and not at room temperature. However, even in the absence
of a solvent, Eq. (1) is thermodynamically favourable at room tem-
perature with a Gibbs free energy of —73 kJ/mol [26].

2. Experimental
All handling of chemicals and sealable milling vials was undertaken in an

argon-atmosphere glovebox in order to minimise oxygen (0, <1ppm) and water
(H,0<1ppm) contamination. LiH (Sigma-Aldrich, 95%), MgCl, (Sigma, >98%) and
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LiCl (Sigma-Aldrich, >99.9%) were used as starting reagents without further purifi-
cation. Ball milling (using equal numbers of 12.7 mm and 7.9 mm 316 stainless steel
balls) was performed using a custom made 316 stainless steel ball milling canister
(650 cm? internal volume) attached to a Glen Mills Turbula T2C shaker mixer oper-
ating at 160 rpm. All reagents were ball milled separately for 3 h at a ball-to-powder
(BTP) ratio of 30:1 prior to use, as reducing the grain size of the starting reagents
has been shown to accelerate the kinetics of mechanochemical reactions [23]. Four
samples of MgH; were produced (BTP=90:1) using various amounts of LiCl buffer
added to the starting reagents. The amount of LiCl added for each sample corre-
sponded to 0 (sample MgH,-A), 1.05 (sample MgH,-B), 2.62 (sample MgH,-C) and
6.82 (sample MgH,-D) moles of LiCl added to the left hand side of Eq. (1).

X-ray diffraction patterns (XRD) were collected from samples sealed in 0.5 mm
special glass capillaries (Charles Supper Company) at the Australian Synchrotron
using a wavelength of 0.10001 nm (12.3985keV) for 900s each. The 26 range
spanned 5-85° with a step size of 0.004°. Rietveld analysis of the XRD patterns
was performed using the software package Topas (Bruker AXS, Karlsruhe, Ger-
many) using a fundamental parameters approach [27]. The XRD background was
modelled using a 7-point polynomial and broad peak fitting was used to model the
scattering from the capillary. The crystallite sizes were determined from an LVol-
IB method (volume averaged column height calculated from the integral breadth)
which provides a good measure of the volume-weighted mean crystallite size [27].
Transmission electron microscopy (TEM) was conducted on a JEOL JEM2011 instru-
ment operating at 200kV at Curtin University of Technology and a JEOL 3000F
FEGTEM instrument operating at 300kV at the Centre for Microscopy, Charac-
terisation and Analysis (CMCA) at the University of Western Australia. Hydrogen
absorption was performed at 300°C on a Sieverts apparatus using a Rosemount
3051Sdigital pressure gauge with an accuracy and precision of 0.014 bar. Absorption
measurements resulted in pressure drops of greater than 4 bar in a system volume
of ~25 cm? with samples comprising between 0.12 and 0.24 g of Mg content.

3. Results and discussion

Figure 1 displays the XRD patterns for MgH,-A, MgH,-B, MgH,-
C and MgH,-D. After 18 h of milling XRD of MgH,-A reveals only
MgH, and LiCl (Figure 1A). No starting reagents are detectable. As
expected, the MgH, peak intensities decrease for subsequent sam-
ples as the amount of LiCl added to the initial starting reagents
increases. The XRD patterns for MgH,-A, MgH,-B and MgH,-C
(Figure 1A-C) show a minor unknown peak at d=0.3142 nm, not
detected by laboratory based XRD, that did not match any phase
that consisted of elements within the starting reagents. A peak at
d=0.2075nm clearly discernable in MgH,-D is attributed to 316
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Fig. 1. Synchrotron X-ray diffraction data on sample (A) MgH;-A, (B) MgH,-B,
(C) MgH>-C and (D) MgH>-D. 316 SS refers to stainless steel type 316. Difference
plots for the Rietveld fits to the experimental data are shown at the bottom.

50 nm.

Fig. 2. Representative transmission electron microscopy images of (A) MgH;-A,
(B) MgH;-B, (C) MgH,-C and (D) MgH,-D. White arrows indicating regions that
underwent decomposition during exposure to the electron beam.

stainless steel, a minor contaminant from the ball milling can-
ister (also not detected in laboratory based XRD). From Rietveld
refinement the MgH, crystallite sizes for MgH,-A, MgH,-B, MgH,-
C and MgH,-D were determined to be 10.1 +0.3 nm, 7.6 +£ 0.3 nm,
6.7 +0.4nm and 6.7 + 0.7 nm respectively, where uncertainties are
quoted as 95% confidence intervals.

Though synchrotron XRD was able to distinguish MgH, in the
sample MgH2-D, it was not detected by laboratory based XRD. As a
result of the inability to detect minor light element phases, quanti-
tative phase analysis from XRD diffraction may prove unreliable in
measuring the extent to which the reaction in Eq. (1) is complete.
Consequently, hydrogen sorption measurements were performed
to determine the MgH; content in each sample. The samples were
placed in a Sieverts hydrogen sorption apparatus, without exposure
to air, and out-gassed at 300 °C for 24 h. This temperature is insuf-
ficient to remove hydrogen from any unreacted LiH and therefore
the subsequent hydrogen absorption can be attributed solely to Mg.
In considering the extent to which the reaction in Eq. (1) had gone
to completion during ball milling for each sample, the fact that the
starting reagent, LiH, had only 95% purity must be considered. From
the hydrogen sorption measurements it was found that for MgH,-
A, MgH;-B, MgH;-C and MgH,-D the reactions were 94.5, 84.9, 82.2
and 78.1% complete, respectively (uncertainties are+0.5%). The
decrease in the extent to which Eq. (1) is complete is an expected
consequence of the dilution of the starting reagents, LiH and MgCl,,
which hinders reagent contact and thus reaction kinetics.

Representative transmission electron microscopy (TEM) images
for each sample are displayed in Figure 2. MgH,-A (Figure 2A)
primarily showed large geometrical shapes (typically hexagons)
1-2 wm in size. The large geometrical structures, which were ini-
tially dark, showed a steadily increasing light band over time
(indicated by an arrow in Figure 2A) around the outer edge on expo-
sure to the electron beam. This effect ceased after some minutes.
The growth of the light band suggested that these micron sized
particles are MgH, that underwent hydrogen desorption under the
beam. MgH,-B showed no large geometrical shapes such as those in
MgH,-A. Typical morphologies (Figure 2B) consisted of aggregates
of irregularly shaped particles 15-40 nm in size. Time-lapse TEM
images showed that some particles within the aggregates (indi-
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cated by arrows in Figure 2B) desorbed under the electron beam
over the course of several minutes. These particles, however, main-
tained their morphology. MgH,-C (Figure 2C) is comprised of only
a single morphology consisting of well-dispersed 12-20 nm par-
ticles. Given the average MgH, crystallite from XRD is 6.7 nm, it
is suggested that each particle in MgH,-C consists of several crys-
tallite domains. MgH,-D (Figure 2D) is largely homogenous and
does not show any readily recognisable particle morphology. TEM
of this site with increased magnification identified lattice-fringing
regions that extended for 2-4 nm. The lattice-fringing regions were
limited to the MgH, hkl=02 0 plane suggesting very small MgH,
crystallites were synthesised. Whether these crystallites were part
oflarger grains or individually dispersed was difficult to determine.
However it should be noted that the crystallite sizes, as seen by lat-
tice fringing, in sample MgH,-D are comparable to that determined
via XRD. This is in contrast to other recent efforts in producing
nanometre scale magnesium [14] in which the crystallite size, as
determined via TEM, is almost an order of magnitude smaller than
that determined via XRD. Such a difference may be attributed to
the fact that TEM samples therein may not be representative of the
average sample structure in comparison to XRD.

An electrochemical method has also recently been used to syn-
thesise a colloid containing 18 mass% 5nm Mg nanoparticles [28]
stabilised by tetrabutylammonium bromide (TBA). After hydriding,
the material displayed a hydrogen desorption pressure of 0.3 kPa
at just 85°C. The desorption pressure at this temperature is sig-
nificantly higher than that predicted by theoretical calculations
for even 1 nm MgH, particles [8]. It is in our opinion that such a
measured desorption pressure is not a result of the particle size, as
claimed by the authors, but by a chemical interaction between the
Mg and the ammonium salt causing a destabilisation of the hydride
phase. Such large changes in the thermodynamics of hydrides
have previously been observed for AlH3-adduct systems [29]. The
absence of a TBA melting event in differential thermal analysis [28],
which usually occurs at ~100°C, further suggests that a chemi-
cal interaction between the Mg surface and TBA is responsible for
the altered thermodynamics observed for the hydrogen desorp-
tion over TBA stabilised Mg nanoparticles. In contrast, the MgH,
nanoparticles produced via the mechanochemical process are only
physically bound by the LiCl by-product and their thermodynamic
properties should be directly comparable to theoretical predictions
of changes in MgH, thermodynamic properties with particle size.

4. Conclusions

In the present work the mechanochemical synthesis of MgH,
has been undertaken with varying LiCl buffer amounts. Increasing
buffer results in MgH, crystallite sizes down to 6.7 nm, measured
via XRD, whilst TEM investigations show that increasing buffer
results in smaller, more highly dispersed MgH, nanoparticles. The
size of these MgH, particles approaches theoretical predictions for
thermodynamic changes and the MgH, is only physically bound
by the LiCl. Removal of the LiCl salt by-product phase has thus far
proved difficult due to either the high reactivity or the solubility
of MgH, in solvents which will dissolve LiCl. Preliminary hydro-
gen sorption measurements also indicate that an increase in the

hydrogen equilibrium pressure occurs for samples with higher LiCl
buffers (and hence smaller particle sizes). The removal of the by-
product phase and thermodynamic measurements are the subject
of a forthcoming publication.
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