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Abstract

Because it is a promising energy carrier, intensive efforts have been made to realize the
potential of hydrogen to become a major energy carrier, for both mobile and stationary
applications. Solid-state hydrogen storage has become an attractive option due to its
high volumetric hydrogen capacity and favorable safety considerations. The purposes of
this work are to enhancement the kinetics and tailor the thermodynamics of the light
metal hydrides, LiAlH4s and MgH,, using different types of catalyst and the
destabilization concept. In this study, a series of single metal hydrides such as NbFs-
catalyzed LiAlHs, SWCNTs-metal-catalyzed LiAlHs, TiO, nanopowder-catalyzed
LiAlH4, and HfCly and FeCls-catalyzed MgH,; and a series of combined systems such
as MgH,-NaAlH,4 and MgH,-LiAlH4 have been systemically investigated for hydrogen

storage.

For LiAlH4, we found that the hydrogen desorption properties of LiAlH4 can be
improved by doping with NbFs. The observed promotion effect of NbFs on the
dehydrogenation of LiAlH4 could be explained by combined effect of active Nb-
containing species and the function of F anions, which facilitates the dissociation of
hydrogen molecules on their surfaces. It was also found that the dehydrogenation
temperature and the desorption kinetics of LiAlH4 were improved by adding with
SWCNTs-metal catalyst. The enhancement of the hydrogen desorption properties was
likewise due to the combined influence of the SWCNT structure itself, hydrogen
spillover effect, and high contact area between carbon and the hydride. All these are
responsible for the weakened the Al-H bond, consequently improving the
dehydrogenation properties of LiAlHs. We have also found that the dehydrogenation

properties of LiAlHs were improved by doping with TiO, nanopowder. The result
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shows that TiO, nanopowders remain stable during the milling process. The significant
improvement is most likely attributable to the TiO, nanoparticles act as a surface
catalyst, increases the surfaces defects by decreasing crystal grain size in the LiAlHy4
powder, creating a larger surface area for hydrogen to interact, thereby decreasing the

temperature for decomposition.

For MgH,, it was found that the de/rehydrogenation properties of MgH, were
significantly improved by mechanically either HfCly or FeCls;, and a significant
improvement was obtained in the case of the HfCly doped sample. From the x-ray
diffraction and x-ray photoelectron spectroscopy results, it appears likely that the
significant improvement of MgH, sorption properties was due to the catalytic effects of
Hf species and Fe that formed during the dehydrogenation process. These species may
interact with hydrogen molecules, which may lead to the dissociation of hydrogen
molecules and the improvement of the desorption/absorption rate. Besides that, the
formation of MgCl, may also play a critical role, and there are more likely to be

synergetic effects when it is combined with Hf species and Fe.

Another method to improve the hydrogen storage properties of MgH, is based on the
combined system (destabilization concept). A MgH,—NaAlH4 (4:1) composite system
was prepared by mechanical milling to investigate the destabilization effect between
MgH, and NaAlH4. It was found that this composite system showed improved
dehydrogenation performance compared with those of as-milled NaAlH4 and MgH,
alone. The dehydrogenation process in the MgH,—NaAlH4 composite can be divided
into four stages. X-ray diffraction patterns indicate that the second, third, and fourth

stages are fully reversible. The formation of NaMgH3; and Mg;;Al;, phase during the

i1



dehydrogenation process, which alter the dehydrogenation pathway furthermore change
the thermodynamic of the reaction play a critical role in the enhancement of

dehydrogenation in MgH,—NaAIH4 composite.

We have also systematically investigated the dehydrogenation kinetics and
thermodynamics of MgH,-LiAlHs combined system with and without additives. The
improvement of the dehydrogenation properties was likewise attributed to the formation
of intermediate compounds, including Al-Mg and Li-Mg, upon dehydrogenation, which
change the thermodynamics of the reaction through altering the dehydrogenation
pathway. Ten different additives, including TiFs;, NbFs, NiF,, CrF;, YFs;,
TiCl;-1/3(AlCl;), HfCls, LaCl;, CeCls, and NdCl;, were added to the MgH,-LiAlHy4
(4:1) mixture. Among the additives examined, the titanium-based metal halides, TiF;
and TiCl;-1/3AICl;, exhibited the best improvement in term of reducing the
dehydrogenation temperature and enhancing the dehydrogenation rate. It is believed that
the formation of Ti-containing and F-containing species during the ball milling or the
dehydrogenation process may be actually responsible for the catalytic effects and thus
further improve the dehydrogenation of the TiF; and TiCls-1/3AICl3-added MgH,-

LiAlH4 composite system.

Key words: hydrogen storage, lithium aluminum hydride, magnesium hydride,

sodium aluminum hydride, catalytic effect, metal halides, single walled carbon

nanotube, titanium dioxide, destabilized system
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Chapter 1

Introduction

The environmental crises caused by the pollution from hydrocarbon fuels, the global
energy demand due to global economic growth, and the dramatic increase in the world
population have become prime topics worldwide. Therefore, clean and renewable
energy sources are essential to overcome these problems. Wind, solar, and tidal energy
has the potential to outstrip energy demand and replace fossil fuels as the main energy
source. However, a suitable energy carrier is needed to realize the use of the energy
produced by these sources in the final stages. As one of the ideal candidates as an
energy carrier, hydrogen is also considered as a material that can avert adverse effects
on the environment and reduce dependence on imported oil for countries without natural

résources.

There are several major technical challenges for the commercialization of hydrogen as a
major energy carrier, for both mobile and stationary applications. The main obstacle to
the realization of the use of hydrogen as a main fuel for the future is storage. Therefore,
proper on-board hydrogen storage media should be available to overcome these
challenges. The U.S. Department of Energy (DOE, FreedomCar) has introduced a
number of requirements for the different aspects on-board hydrogen storage systems,
such as specific energy, gravimetric capacity, volumetric capacity, energy density,
operating temperature, absorption/desorption kinetics, and cycle life-time. However,
until now, no single storage method can fulfill all the requirements for an on-board

hydrogen storage material suitable for mobile application.
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In Chapter 2, the methods for storing hydrogen are reviewed and all the advantages and
drawbacks of each method will be discussed in detail. The attempts to improve
hydrogen storage properties have been made previously for each method also have been
summarized in this Chapter. The last part of this Chapter will focus on solid state

hydrogen storage, especially the light metal hydrides, LiAIH4 and MgH,.

The materials used in this work including chemicals, gases, and equipment are
explained in Chapter 3. The experimental methods also are described in detail in this

chapter.

Based on the reports described in Chapter 2, combined effects of active transition metal
and F~ containing species is one of the strategy to weakening of the Al-H bond, which is
believed to facilitate the dissociation/recombination of hydrogen on the hydride surface
and therefore catalyse H-sorption. Therefore, in Chapter 4, as a source of transition
metal and F~ containing species, NbFs was introduced into LiAlH4 by ball milling, and
the hydrogen storage properties and the structural changes of the composite have been

studied. The reversibility of LiAlH4 was also investigated in the presence of NbFs.

It is reported that a combination of catalytic effect of single-walled carbon nanotube
(SWCNT) and transition metal such as Fe, Co, and Ni lead to significant acceleration of
hydrogen dissociation and diffusion, furthermore improves the hydrogenation kinetics
of MgH,, NaAlH,4, and LiBH,4. In Chapter 5, based on this strategy, a LiAIH4/SWCNT-
metal catalyst (Ni and Y) composite system was prepared by mechanical milling, and its
hydrogen storage properties investigated. The activation energy and the change in

enthalpy in the doped and undoped material were measured. Furthermore, the different
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effects of the as-received SWCNTSs and the metallic catalysts contained in the SWCNTSs
were also investigated, and the possible mechanisms are discussed. In addition, the
effect of SWCNT-metallic catalyst composite on rehydrogenation of LiAlH4 was also

investigated.

Incorporating elements which act as hydrogen dissociation catalysts or increase the
surface area by decreasing the crystal grain size are methods used to increase the kinetic
response in hydrogen storage materials. In chapter 6, a new method for decreasing grain
size and thus increasing fresh surface area is studied. The principle consists of adding
particles of a nanopowder, to act as nanoballs during ball milling. So, in Chapter 6,
LiAlH4 has been mixed with nanosized TiO, powder by dry ball milling, and its
dehydrogenation properties have been investigated. X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) spectroscopy were used to analyse the phase changes
in the cell volume or the effects on the Al-H bonds of the LiAlH4 due to admixture of
TiO, nanopowder after milling. Temperature-programmed desorption (TPD) and
isothermal sorption measurements were conducted to reveal its dehydrogenation
temperature, kinetic behaviour, and activation energy. From the results, the possible
mechanism behind the effects of TiO, nanopowder on the dehydrogenation behaviour of

LiAlH4 is discussed.

Transition metals have shown superior catalytic effect on the hydrogen storage
properties of magnesium. This effects were additionally improved when transition metal
were combined with halogen anions. So, in Chapter 7, with the aim of combining the
functions of both transition metal cations and chlorine anions, two transition metal

chlorides, HfCl4 and FeCls have been used as catalysts for improving the hydrogen
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storage properties of MgH,. The observed enhancements in the hydrogen storage
properties of MgH, such as desorption temperature, de/rehydrogenation kinetics,
dehydrogenation behaviour under cycling, and activation energy that are associated with
the presence of HfCl4 and FeCl; are reported. The possible catalysis mechanism of the
two dopants is then discussed based XRD, FTIR spectroscopy, and X-ray photoelectron

spectroscopy (XPS) results.

Previous study has shown that the hydrogen storage properties of MgH, are improved
when mixed with certain elements such as Si and Al. It is believed that the formation of
an intermediate phase, i.e., Mg;Si is beneficial to destabilize MgH, and improve its
thermodynamic properties. Motivated by the strategy above, in Chapter 8, complex
metal hydride, NaAlH4, has been use as a destabilization agent to improve the hydrogen
storage properties of MgH,. It was expected that NaAlH4 would decompose to NaH and
Al and that these products would destabilize MgH, and furthermore improve the

hydrogen storage properties.

In comparison to MgH>-NaAlH, system, the hydrogen storage properties of the MgH,-
LiAlH4 (4:1) destabilized system with and without additives are studied in Chapter 9. 5
wt% TiF3, NbFs, NiF,, CrF,, YF3, TiCl;-1/3A1Cl;, HfCl,, LaCls, CeCl;, and NdCls,
respectively, were added to the MgH,-LiAIH,4 (4:1) mixture, and their catalytic effects
investigated. Furthermore the activation energy and the change in enthalpy in the doped
and undoped composites were measured by DSC. In addition, the reaction pathway of
the MgH,-LiAlH4 (4:1) composite system and the mechanisms that work in this
composite family during the de/re-hydrogenation process were determined by X-ray

diffraction.
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Finally, the main results and achievements of this thesis are summarized in Chapter 10,
followed by references, a list of acronyms, and finally, the author’s publications list

during the period of this study.
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Chapter 2

Literature review

2.0 Background

Energy is one of the most essential aspects of our daily lives. Year by year, the
demand for energy is increasing. World population growth, increased wealth, and
technological advances are the driving forces behind the global demand for energy. The
world population is predicted to reach 8 billion by 2030 [1]. As populations increase
and demand better standards of living, global energy use will continue to grow, with
developing nations accounting for a rising share of total world energy consumption. In
2005, the global demand for energy had almost doubled over the previous three
decades. This demand is expected to continue to increase, at least until 2030, if energy

policies do not change worldwide [2]. Fig. 2.1 shows world market energy

consumption.
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Fig. 2.1. World market energy consumption, 1980-2030 [3].
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Today, most of the world's energy is derived from fossil fuels. Crude oil, natural
gas, and coal are the main energy sources for humankind. In 2006, the primary sources
of energy consisted of petroleum 36.0%, coal 28.0%, and natural gas 24.0%, as
illustrated in Fig. 2.2, amounting to an 88.0% share for fossil fuels in primary energy
consumption around the world.

Hydro electric |6%)
MNuclear Energy (6%)

il (36%)

Coal (28%) |

Matural Gas [24%)

Fig. 2.2. World primary energy consumption by fuel type in 2006 [4].

Unfortunately, the production and the use of fossil fuels raise a number of new
challenges. Fossil fuels are non-renewable and finite resources because they take
millions of years to form, and reserves are being depleted much faster than new ones are
being laid down. According to Hubbert’s oil peak theory, the world will not have
enough time to develop sources of energy to replace the energy now used from oil,
possibly leading to drastic social and economic impacts. Among the fossil fuels, only
coal reserves will be obtainable for a longer period of time, as shown in Fig. 2.3. From
the graph, economically recoverable reserves of coal are about 275 billion short tons /

245 years, oil reserves are about 29.4 million barrels / 11.1 years, and natural gas
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reserves are about 186.9 trillion cubic feet / 9.8 years, with the years being how long the

resource would last at current rates of consumption.
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Fig. 2.3. Fossil fuel expected reserve life as of 2004 [5].

Besides the problem of rapid depletion of fossil fuel energy resources, another
crucial driving force towards discovering other energy resources is global warming.
Global warming, the phenomenon by which is the average temperature of the Earth's
atmosphere and oceans increases is a critical issue worldwide. Global warming is
caused by increased concentrations of greenhouse gases such as carbon dioxide,
methane, and nitrous oxide in the atmosphere, resulting from human activities such as
deforestation and burning of fossil fuels. Global warming will have a bad impact on the
environment, with negative impacts including increases in global average air and ocean
temperatures, widespread melting of snow and ice, and rising global average sea level.

In order to protect our planet from the ill effects of the use of fossil fuels,
emissions of carbon dioxide and other greenhouse gases must be reduced. To realize
this, the dependency on fossil fuels as major energy resources must be shifted to clean

and renewable sources of energy.
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2.1 Renewable energy

Renewable energy is energy which is naturally replenished, produced from
natural resources such as hydropower, geothermal, wind, and solar, and more important,
clean. Even though renewable energy is a promising energy resource for the future and
will play a key role in overcoming the problems related to rising fossil fuel prices,
energy security, and increasing climate change, at the present moment, renewable
energy contributes only 8 % to our primary energy [6]. As with other energy resources,
the production and use of renewable energy also have some advantages and
disadvantages.

Hydropower uses water to produce energy. Hydropower is the most reliable
renewable energy source compared with geothermal, wind, and solar, as it is cheap and
very clean, with almost no air emissions. However, the disadvantage of hydropower is
that it affects the ecology and causes downstream problems where the generators are
based. In addition, release of water from the dam by accidents can cause flooding.

Geothermal energy is the energy of the core of the earth. To generate power,
geothermal energy uses steam from underground. There are no time limits with
geothermal energy; it can run 24 hours per day for the whole year. The problem with
geothermal is that it is very site specific, along with the heat from the Earth. So, to find
a proper geothermal reservoir site can be an expensive task.

Solar energy and wind energy use the power of sunlight and the wind to produce
electricity. Although solar and wind account for only a small share of renewable energy,
only 5 %, they have been attracting attention due to their unique features. They are
carbon-free, limitless in nature, and their use can noticeably decrease greenhouse gas
emissions, which perfectly matches the current energy criteria. The major problem with

the use of solar and wind energy is that they are controlled by geography. Solar energy
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is limited to daytime hours and non-cloudy days, while wind energy is dependent on

strong winds, so that these sources are not accessible all the time. This drawback can be

solved if there is an energy carrier to store the energy produced by them. So, it is

important to find a suitable energy carrier that can fulfill the common requirement to

store the energy produced by renewable energy sources with high capacity, low cost,

and long cycle life.

Nowdays, there are many candidates for such an energy carrier, such as

gasoline, natural gas (methane), methanol, ethanol, and hydrogen. However, before they

are considered as excellent fuel for the future, they must fulfill the criteria detailed in

Table 2.1.

Table 2.1. The criteria for suitable fuel for the future [7].

Convenient for transportation

Vehicles such as cars and airplanes must carry their
fuel for a certain distance before replenishing their
fuel supply. Therefore it is important that the
transportation fuel be very light, with as low a

volume as possible.

Capability for easy conversion

All fuel, finally, must be converted to other forms of
energy such as mechanical and electrical energy.
Any new proposed fuel must be suitable for these

conversions by the end user.

The new transportation fuel should be converted to

High efficiency the desired energy form with higher efficiency than
other fuels.
Saf Both aspects of safety — toxicity and fire hazard
afe

properties — must be minimized for the future fuel.

Environmentally compatible
and economical

In addition, the resulting energy system must be

environmentally compatible and economical.

10
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2.2 Energy carrier: Hydrogen probably the best candidate

Among the candidate group of gasoline, natural gas (methane), methanol,
ethanol, and hydrogen as mentioned above, hydrogen is the best candidate as an energy
carrier based on following reasons:

It is important that the transportation fuel be as light as possible and also take as
little space as possible. The motivity factor, [1y, is a factor based on the requirement for
a fuel to be convenient for transportation [8]. The higher the motivity factor, the better
the fuel for transportation. Table 2.2 lists the motivity factors of some fuels. Liquid
hydrogen and gaseous hydrogen have the best motivity factor. This is one of the reasons
why hydrogen is an ideal fuel for space programs, even though presently it is costlier
than fossil fuels.

Table 2.2. Motivity factor for different fuels [9].

Fuel Motivity Factor
Um
Gasoline 0.76
Methanol 0.23
Ethanol 0.37
Natural Gas 0.75
Liquid Hydrogen 1.00
Gaseous Hydrogen 1.00

Table 2.3 shows different fuels and the processes by which they can be
converted to other forms of energy by the end user. If a fuel can be converted through
more than one process to various forms of energy, it becomes more versatile and more

convenient to utilize. Apart from hydrogen, the others fuels can be converted through

11
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one process only, that of combustion. As shown in Table 2.3, hydrogen can be
converted to other forms of energy in five different ways; i.e., in addition to flame
combustion, it can be converted directly to steam, converted to heat through catalytic
combustion, act as a heat source and/or heat sink through chemical reactions, and be
converted directly to electricity through electrochemical processes [10]. Hydrogen is

thus the most versatile fuel.

Table 2.3. Versatility of hydrogen and fossil fuels [9].

Conversion process Hydrogen Fossil Fuels
Flame Combustion Yes Yes
Direct Steam Production Yes No
Catalytic Combustion Yes No
Chemical Conversion (Hydriding) Yes No
Electrochemical Conversion (Fuel Cell) Yes No

In comparing the different type of fuels, it is necessary to take into account the
final utilization efficiency factor, ®,, the ratio of the fossil fuel utilization efficiency, [ ¢
to the hydrogen utilization efficiency, [1y. Compared to fossil fuels, hydrogen has the
highest utilization efficiency when it comes to final conversion to useful energy forms
such as thermal, mechanical, and electrical, as presented in Table 2.4. As is shown,

hydrogen is clearly the most efficient fuel.

12
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Table 2.4. Utilization efficiency comparisons of fossil fuels and hydrogen [11].

Application Utilization Efficiency Factor ¢, = Iz 0
H

Thermal Energy

Flame Combustion 1.00

Catalytic Combustion 0.80

Steam Generation 0.80
Electric Power. Fuel Cells 0.54
Surface Transportation

Internal Combustion Engines 0.82

Fuel Cells/Electric Motor 0.40
Subsonic Jet Transportation 0.84
Supersonic Jet Transportation 0.72

Weighted Average 0.72

Hydrogen Utilization Efficiency Factor 1.00

Fossil Fuel Utilization Efficiency Factor 0.72

Hydrogen and its main combustion product, water or water vapour, are not toxic.

When fire hazards and toxicity are taken into account, hydrogen becomes the safest fuel

compared with gasoline and methane, as shown in Table 2.5.

Table 2.5. Safety Ranking of Fuels [9].

Characteristic Fuel Ranking®
Gasoline Methane Hydrogen
Toxicity of Fuel 3 2 l
Toxicity of Combustion (CO. SO, NOy. HC. PM) 3 2 1
Density 3 2 |
Diffusion Coefficient 3 2 1
Specific Heat 3 2 l
[enition Limit 1 2 3
[enition Energy 2 1 3
[gnition Temperature 3 2 1
Flame Temperature 3 1 2
Explosion Energy 3 2 1
Flame Emissivity 3 2 |
TOTALS 30 20 16
Safety Factor ¢, 0.53 0.80 1.00

a 1. safest: 2. less safe: 3. least safe.

Based on the criteria discussed above, it clear that hydrogen is the best

transportation fuel, the most versatile fuel, the most efficient fuel, and the safest fuel.

13
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Hydrogen is thus the best energy carrier for the future. However, it is necessary to
address several questions before hydrogen become a primary fuel, such as how to
produce hydrogen, how to utilize hydrogen, and most important, how to store and/or

transport hydrogen.

2.2.1. Hydrogen production
Hydrogen is a colourless, odourless gas and most abundant chemical element,
accounting for roughly 75% of the entire universe’s chemical elemental mass. Hydrogen
is available on Earth only in compounds, in combination with other elements such as
oxygen, carbon and nitrogen. To use hydrogen, it must be separated from these other
elements. There are several methods to produce hydrogen, such as from fossil fuels,
from biomass, or from water [12]:
e from fossil fuels by steam reforming of natural gas (SMR), thermal cracking of
natural gas, partial oxidation of heavy fractions (POX), or coal gasification,
e from biomass by burning, fermenting, pyrolysis, gasification and follow-on
liquefaction, or biological production,
e from water by electrolysis, photolysis, thermochemical processes, thermolysis,
and

e combinations of biological, thermal, and electrolytic processes.

Currently there are several practical ways of producing hydrogen from renewable
resources such as from wind and solar power. For example, solar power can produce
hydrogen through water electrolysis using solar cells or by direct photocatalytic water
splitting or photobiological water splitting. However, all of these methods still face their

respective sets of obstacle, and substantial improvements in efficiency and reductions in

14
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both capital and operating costs are needed. The most important thing in production of

hydrogen should be minimizing impacts on the environment.

2.2.2 Problems with hydrogen energy

So far, this chapter has mostly been looking at the advantages of hydrogen as an
energy carrier, but there are other disadvantages to using hydrogen as well. The two
main problems for the hydrogen economy are the production problem and the

environmental concerns.

2.2.2.1 Energy issues with hydrogen production

As mentioned previously, pure hydrogen is not widely available on our planet.
Most of hydrogen is locked in water or in hydrocarbon fuels. Hydrogen can be
traditionally produced using fossil fuel energy, but such a process generates CO,, a
green house gas, to a greater extent than conventional engines. Thus such a hydrogen
production method contributes to global warming even more than the scenario that
those fossil fuels were to be used directly to power automobiles. Hydrogen can also be
produced using other energy sources. For example, nuclear power can provide the
energy, but has well known disadvantages such as the storage and management of
dangerous high level radioactive waste, the high cost of building nuclear facilities, and
the possibility of catastrophic accidents. Some 'green' energy sources (solar, wind,
geothermal, biofuels, and hydropower) are capable of generating energy in a cost
effective way if the externalities of conventional energy sources are factored in.
However, most 'green' sources tend to produce rather low-intensity energy, however,
not the prodigious amounts of energy required for extracting significant amounts of

hydrogen using thermochemical electrolysis for example.

15
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2.2.2.2 Environmental concerns

Hydrogen can be generated from natural gas through steam reforming and the
water gas shift reaction method, as outlined in section 2.2.1. Steam reforming generates
CO; as a byproduct. CO; is usually released into the atmosphere, although there has
also been some research on separating the CO, and disposing of it properly, for
example, by injecting it into an oil or gas reservoir. Recently, there have also been some
concerns over possible problems related to hydrogen leakage. Molecular hydrogen leaks
slowly from most containment vessels. It has been hypothesized that if significant
amounts of hydrogen (H;) escape, hydrogen may, due to ultraviolet radiation, form free
radicals (H) in the stratosphere. These free radicals would then be able to act as catalysts
for ozone depletion. A large enough increase in stratospheric hydrogen from leaked H,
could exacerbate the depletion process. However, such impacts will depend on the rate
of hydrogen leakage during its synthesis, storage, and use. Researchers have calculated
that a global hydrogen economy with a leakage rate of 1% of the produced hydrogen
would produce a climate impact of 0.6% of that of the fossil fuel system it replaces. If
the leakage rate was 10%, then the climate impact would be 6% of that of the fossil fuel
system [13]. Additionally, present estimates indicate that it would take at least 50 years
for a mature hydrogen economy to develop, and new technology developed in this

period could further reduce the leakage rate.

2.2.3 How to use hydrogen?

Currently, the two primary ways to use hydrogen are internal combustion and fuel
cells. In both internal combustion and fuel cells, the hydrogen reacts with oxygen and
produces water vapor as exhaust. For internal combustion, NO, can be formed if the

combustion is too hot. So, accounting for this disadvantage, the use in internal
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combustion is the same as for combustion of fossil fuel. Hydrogen fuel cells have a
range of potential applications. Unlike internal combustion, fuel cells are pollution free
with non-toxic by-products. A fuel cell is a device that converts chemical energy of fuel
directly into electrical energy [14]. Fuels such as hydrogen, methanol, and ethanol have
been the common choices for fuel cells. The reactions occurring in a hydrogen fuel cell
can be explained as follows (Fig. 2.4) [15]:
1. Hydrogen in the anode electrode changes into hydrogen ions and electrons are
released.
2. These electrons move through the external circuit towards the cathode and
produce the electrical current.
The primary compartments of the proton exchange membrane (PEM) fuel cell are

shown in Fig. 2.4.

Hydrog_er O‘xigen
& &

Anode (-) Cathode(+)

Fig. 2.4. Schematic design of the PEM fuel cell [15].

Fuel cells have various advantages compared to other types of equipment to produce
energy such as:

1. Fuel cells have higher efficiency.
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2. No emissions of environmentally polluting gases such as SOy, NOy, CO,, and
CO.
3. Most fuel cells operate silently compared to internal combustion engines.
4. The maintenance of fuel cells is simple, since there are few moving parts in the
system.
The disadvantages of fuel cells are their higher cost, since most units are hand-
made, and fuelling fuel cells is still a problem, since the production, transportation,
distribution and storage of hydrogen is difficult. These two problems might be solved

by applying new technologies and also by mass production of these fuel cells.

2.3 Hydrogen storage

As pointed out before, hydrogen is an ideal energy carrier under consideration as
a fuel for the future, such as in automotive applications. However, although hydrogen
has a promising, bright future in the energy field, the application of hydrogen requires a
safe and efficient storage technology. On the other hand, storage of hydrogen is one of
the key challenges in developing the hydrogen economy, especially in transportation
applications. Since transportation is one of the main contributors to greenhouse gas
emissions, it is important to find suitable on-board hydrogen storage solutions for
transportation applications. The Department of Energy of the United States (the US
DOE) has set the operating requirements for on-board hydrogen storage such as that the
hydrogen storage system should possess high storage capacity, high gravimetric and
volumetric densities, fast kinetics, effective heat transfer, long life cycle, high
mechanical strength and durability, safety under normal use, and acceptable risk under

abnormal conditions, as listed in Table 2.6.
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Table 2.6. DOE targets for on-board hydrogen storage systems for light-duty vehicles

[16].

Storage Parameter Units 2010 2017 Ultimate

System Gravimetric Capacity: kWhikg 1B 18 2.5
Usable, specific-energy from Hy (net (kg Hakg (0.045) (0.085) (0.075)
useful energy/max system mass) ° system)

System Volumetric Capacity: kWh/L 0.9 13 2.3
Usable energy density from Hy (net (kg Ho/L system)  (0.028) (0.040) (0.070)
useful energy/max system volume)

Storage System Cost b $/kWh net TBD TBD TBD

($/kq Ho) (TBD) (TBD) (TBD)
» Fuel cost © Slgge at pump 31 24 24
Durability/Operability:
o Operating ambient lernp‘c}ratured ’C -30/50 {sun) -40/60 (sun) -40/60 (sun)
o Minimax delivery femperature ’C -4(/85 -40/85 -40/85
« Operational cycle life (1/4 tank to full) © Cycles 1000 1500 1500
s Min delivery pressure from storage
system: FC=fuel cell, ICE= internal bar (ahs) SFCA5ICE 5FCA5ICE JECIAICE
combustion engine
: Q'Li’t‘pd;f"’ew Pressie iom sl gs bar(abs)  12FCAO0ICE  12FCAQDICE  12FC/ODICE
» Onboard Efficiency % %0 90 90
« "Well" to Powerplant Efficiency % f0 60 ill]
Charging / Discharging Rates:
+ System fill time (5 kg) min 42 33 25
(kg Hylmin) (12) (15) (20)
o Minimum full flow rate (/s)kW 0.02 0.02 0.02
» Start time to full flow (20°C) ® 5 5 5 ]
o Start time to full flow (-20“6)g 5 15 15 15
. Tra[;sient response 10%-90% and 90% - 3 0.75 075 075
0%
; i SAE J2719 and ISO/PDTS 14687-2
Fuel Purity (H, from storage) % H .
¥ {Hy g) Sk (99.97% dry basis)
Environmental Health & Safety:
+ Permeation & leakage ' Scc/h
» Toxicity 2 Mests or exceeds applicable standards
+ Safaty -
» Loss of useable Hy" (9/)kg H stored 0.1 0.05 005
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Fig. 2.5 displays the gravimetric and volumetric energy densities of hydrogen
chemically stored using various storage methods in relation to the 2015 target. This
clearly represents a particularly challenging set of criteria for the ideal storage material;
at present, no single material meets all of the requirements specified in Table 2.1. Also,
neither cryogenic nor high-pressure hydrogen storage options can meet the mid-term

DOE targets for transportation use.

. = g
“ | | * NHyBH,(3)
z I | Mg(OMe), H20
T TiHg | |* s
NH .
2 150 MazNH, b | Mgl * :LﬂHz{:Z:
NH;BH{2) .
%‘I 1 LaMigHg | ‘HE]B * CoH l'..IIHH,l |
§ & FaTiHyy Hag Eecm' .H CH CH, (§q)
* 3 % .
g 100 115;: TB BH, [LiAH, c'['_]:géﬂ;ﬂﬂl _C;H:
= LNHJU} Nath — — — — — — — — [2015 system targets | —{ .4
S | NH;BHA(1) 4 bdrogen
e 50 MaH & | ® hexahydretriazine [mm — ml
———————————— 5 m —
% Lid L ® T00 bar
% % 350 bar
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0 5 10 15 20 25 i' 100
Hydrogen mass density (mass %)

Fig. 2.5. Hydrogen density of materials [17].
Currently, there are three main on-board hydrogen storage approaches, including [18]:
1. Compressed hydrogen gas,
2. Cryogenic and liquid hydrogen,
3. Solid state hydrogen storage.

Every method has advantages and disadvantages, but at present, none of these

approaches meets the US DOE target requirements.
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2.3.1 Compressed hydrogen gas storage

At the present time, hydrogen storage options have commonly used high-
pressure gas containers for both stationary purposes and on-board applications. High-
pressure hydrogen storage has several distinct advantages over cryogenic and liquid
hydrogen storage in term of structure and cost, since it does not require super-insulation
to maintain cryogenic conditions [19]. In addition, compared with cryogenic and liquid
hydrogen storage, the structure of high-pressure hydrogen storage tanks is much simpler
due to the different technical requirements. Since cryogenic conditions are not required,
the main function of the tank is to endure high pressure and to prevent hydrogen

leakage. Fig. 2.6 shows a typical compressed hydrogen storage tank.

Fig. 2.6. Compressed hydrogen storage tank [20].

Traditional steel hydrogen cylinders can store hydrogen at 200 bar and have a
gravimetric density of approximately 1 wt% [21]. This gravimetric density value is too
far from the US DOE target. Recently developed ultra-high density composite cylinders
made of high grade carbon fibre can store hydrogen at pressures in the region of 700—
1000 bar, with gravimetric hydrogen density of up to 10 wt% [21], which is an

acceptable value. However, these high-pressure cylinders are costly; the fabrication cost
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is around $3000/kg H,, while the US DOE objective for 2015 for the storage of H, in
automotive use is $67/kg H, [22]. Furthermore, these high-pressure cylinders require
complex and expensive filling equipment. In addition, considering the practicality and
safety issues, it is probably unlikely that higher pressure will be used for transportation
applications.

Although compressed gas storage is currently the best compromise for on-board
hydrogen storage, due to some drawbacks, as discussed above, it seem not to be able to

meet the DOE targets.

2.3.2 Liquid hydrogen storage

In principle, storage of hydrogen in a liquid hydrogen tank (Fig. 2.7) offers a
significantly higher gravimetric density than in a compressed gas tank, since the
volumetric capacity of liquid hydrogen is 0.070 kg/L. This capacity is much higher than
for compressed hydrogen gas, 0.039 kg/L at 700 bar. Consequently, the driving range
for vehicles using liquid hydrogen can be longer than that for compressed hydrogen. For
example, the General Motors HydroGen3 Opel Zafira minivan is specified with a
driving range of 400 km (249 mile) with 4.6 kg liquid hydrogen, versus the 270 km

(168 mile) described above for the 700 bar tank [23].

LH2 - Tank System

infer vessel
S per-insulstion oliter vesel
level probe

filling line
gas extraction
liguied extrac thon

filling port

stspension

ligyuiel Hydrogen
I-253C)

safary valve

aseals Hydrogen
1 HR0RC U To +80RC)

.
shut-off vakwe

alpetrical heater . 5
reversing vahes \ coaling water
fgasenus liguid) heat exchanger wrenw. Linde.com

Fig. 2.7. Schematic structure of a liquid-hydrogen tank [20].
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However, the challenges with liquid hydrogen tanks are the energy required for
hydrogen liquefaction, unavoidable hydrogen boil-off, and tank cost. The energy
requirement for hydrogen liquefaction is high; typically 30% of the heating value of
hydrogen is required for liquefaction. So, there is unavoidable energy loss during this
process. This problem could be overcome if thermal insulation is applied, but this
affects the system-level gravimetric and volumetric capacity, and most importantly,
increases the cost. Hydrogen boil-off is also considered a critical issue when handling
cryogenic liquid, as well as for safety considerations when vehicles are parked in
limited spaces such as parking garages.

Considering the hydrogen boil-off, the low efficiency of the process, and the
safety and tank cost issues, storing hydrogen in the liquid state is not a suitable for on-

board applications.

2.3.3 Solid state hydrogen storage
Although with the compressed and liquid storage options, hydrogen is easily
accessible for use, these storage methods still cannot meet many of the requirements
summarized in Table 2.6. Therefore, hydrogen storage requires a major technological
breakthrough, and this is most likely to occur in the most viable alternative to
compressed and liquid hydrogen, that is, the storage of hydrogen in solid state materials.
This method can be dividing into two categories:
1. Physically bound hydrogen; where the hydrogen gas is physisorbed on a high
surface area substrate (exterior or interior) such as carbon nanotubes, and
2. Chemically bound hydrogen; where the hydrogen has formed a chemical
compound with the substrate (e.g. metal hydrides, complex hydrides, and

chemical hydride) and the hydrogen is desorbed through thermal decomposition.
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2.4 Physically bound hydrogen

In physical adsorption, hydrogen is weakly energetically bound to the material. The
hydrogen molecule usually forms a monolayer on the surface through weak van der
Waals interaction without dissociation (Fig 2.8), which means that a material with a
very high surface area is required to achieve anything coming close to an attractive
hydrogen storage capacity [21]. The strength of the van der Waals interaction for
hydrogen is very weak, with an enthalpy of adsorption, AH,, of between 4 and 10
kJ-mol” [24]. Therefore, very low temperature, normally -196--193 °C, in the range of
the temperature of liquid nitrogen, is necessary to adsorb hydrogen gas on a surface by
this technique. A number of classes of porous and high surface area materials have
received considerable attention for this purpose, such as:

1. carbon nanostructures [25],

2. zeolites [26],

3. metal-organic framework (MOFs) compounds [27].

hydrogen molecules

Fig. 2.8 Schematic diagram of hydrogen adsorption [21].

2.4.1 Carbon nanostructures
At the present time, carbon nanostructures, such as diamond and graphite

nanoparticles, graphene, fullerenes, metallofullerenes, solid C60, “bucky onions”,

24



Chapter 2

nanotubes, and nanocones, are the subject of both theoretical and experimental
investigation due to their unique structures. Carbon nanostructures are promising
candidates for solid state hydrogen storage since, high gravimetric storage capacities
may be possible owing to the low atomic weight of carbon and its propensity to bind
other atoms or molecules chemically or physically. Among several different carbon
nanostructures, carbon nanotubes (CNTs) are being actively studied for hydrogen
storage material.

Carbon nanotubes were discovered in 1991 by Sumio Iijima [28]. The structure
of CNTs can be conceptualised by wrapping a layer of graphite into a seamless cylinder.
CNTs have a diameter close to 1 nm, with a tube length that can be many millions of
times longer. The CNTs are described as usually closed with fullerene-like hemisphere
caps. CNTs are categorized into two types: tubes formed from only a one-atom-thick
layer of graphite are called single-walled carbon nanotubes (SWCNTs) (Fig. 2.9 (A))
and tubes consisting of multiple concentric layers of graphite are called multi-wall

carbon nanotubes (MWCNTs) (Fig. 2.9 (B)).

Fig. 2.9. Conceptual diagram of single-walled carbon nanotube (SWCNT) (A) and

multiwalled carbon nanotube (MWCNT) (B) [29].

25


http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#bbib8#bbib8
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#bbib5#bbib5
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit223#hit223
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit225#hit225
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit224#hit224
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit226#hit226
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit225#hit225
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319909009653#hit227#hit227
http://www.sciencedirect.com.ezproxy.uow.edu.au/science/article/pii/S0360319901001033?_fmt=full&_origin=&md5=7bcf780d0ad55e08c858017474822c86
http://www.sciencedirect.com.ezproxy.uow.edu.au/science?_ob=MiamiImageURL&_cid=271472&_user=202616&_pii=S0360319901001033&_check=y&_coverDate=2002-02-01&view=c&wchp=dGLbVlt-zSkzk&md5=b85eeb87b813008d9775105ac3e065cc/1-s2.0-S0360319901001033-main.pdf

Chapter 2

The adsorption process on bundles of SWCNTs is controlled by four adsorption
sites: the internal sites within the individual SWCNTSs, the interstices between the
nanotubes within the bundle, the grooves between pairs of SWCNTs at their surface,

and the external surface sites (Fig. 2.10) [24].

¥

Tube site Peripheral site

Interstitial site

—i‘j . -10 -5 o 'J . 1--'J- . 1I5
Fig. 2.10. Adsorption sites in bundles of single-walled carbon nanotubes (SWCNT5s)

[30].

In 1997, Dillon et al. [31] proposed for the first time the use of SWCNTSs as a
hydrogen storage material based on temperature-programmed desorption (TPD)
measurements. The hydrogen sorption properties of a SWCNT sample were
investigated for the pressure and temperature ranges of 0.03-0.4 bar and -193-227 °C.
Their result showed that physisorption was the leading mechanism responsible for
hydrogen adsorption and predicted that pure SWCNTs can store 5-10 wt% hydrogen at
room temperature. Thereafter, many groups started to conduct hydrogen storage
investigations on both SWCNTs and MWCNTs. However, there has been a large
variation in the CNT hydrogen storage capacity reported by various research groups
[32]. For example, the hydrogen capacity of SWCNTs was found to be in the range of

0.01-10 wt% [33,34]. In contrast, according to Poirier et al. [25], SWCNTs were
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reported to have a hydrogen uptake of only 0.2 wt% at room temperature and ambient
pressure. Many research groups have attempted to improve the hydrogen adsorption
capacity of CNTs by modification of synthesis methods and by introducing various
dopants into them, but still there are large contrasts in their claimed hydrogen sorption
capacity.

Summarizing the studies on CNTs as a potential candidate hydrogen storage
material, the evidence is that pure SWCNTSs adsorb little hydrogen (< 1 wt%) under
ambient conditions [35], and the adsorbed density is up to 2.5 wt% under cryogenic

conditions, depending on the sample preparation [36-39].

2.4.2 Zeolites

Zeolites, a group of highly crystalline aluminosilicate materials, is made up of 4-
connected networks of atoms, depending on how the tetrahedral building units, TO4
(where T = Si or Al), are connected (Fig 2.11). The general formula for zeolites is
(M”+)X/n[(AlOz)x(SiOz)y]x'-szO, where cations M of valence n balance the anionic

charge on the framework, resulting from the presence of trivalent aluminium [24].

Fig. 2.11. Framework structures of zeolites: (a) zeolite A, (b) zeolites X and Y, and (c)
zeolite RHO. The corners on each framework represent Si or Al and these are linked by

oxygen bridges represented by the lines on the frameworks [40].
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At the present, there are two methods for storing hydrogen in zeolites; hydrogen
encapsulation at high temperature [41,42] and the physisorption of hydrogen under
cryogenic conditions [43,44]. The first study on ion-exchange A zeolites (LTA) by
Fraenkel and Shabtai [42] showed that, at temperature between 200 and 400 °C in the
pressure range of 20-920 bar, the amount of hydrogen encapsulated first increases with
ionic radius for Na" and K, before decreasing for Rb" and Cs'. At a temperature of 300
°C and a pressure of 917 bar, they found that a hydrogen encapsulation capacity of 65
cm’g” was achieved for CsA (~ 0.6 wt%), which was regarded as quite promising
when compared with other hydrogen storage materials at this time. Krishnan et al. [45]
studied hydrogen encapsulation in p zeolites and found that up to 0.124 wt% H, was
encapsulated at only 1 bar and 200 °C in CdCs-p. Further investigation, however,
showed no evidence of hydrogen uptake in cation free H-p. However, under cryogenic
conditions, the hydrogen uptake can be improved, obtaining a maximum storage
capacity of 2.19 wt% at 15 bar for CaX zeolites [26]. Vitillo et al. [46] reported that the
maximum theoretical H, storage capacity in zeolitic frameworks is limited to 2.86 wt%,

a value that is too low for any possible hydrogen storage technology.

2.4.3 Metal-Organic Frameworks (MOFs)

Metal-Organic frameworks (MOFs) are crystalline compounds constructed from
inorganic metal clusters and multi-dentate organic ligands through coordination
connection between them. There are variety of MOFs with different compositions and

different structures, since there is vast diversity of metal centers and organic ligand, as

shown in Fig. 2.12 for MOF-5, HKUST-1, MIL-101, MOF-74, and CPO-27-Co(Ni).
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Fig. 2.12. Crystal structure of metal organic frameworks: (a) MOF-5; (b) HKUST-1
(cavities, yellow and blue balls); (c) MIL-101 and (d) MOF-74 or CPO-27-Co(Ni)

(metals, cyan; oxygen, red; carbon, grey) [47].

The first investigations of hydrogen storage in MOFs were reported in 2003 for
MOF-5 [48]. The results showed that hydrogen storage capacity up to 1 wt% at room
temperature and 20 bar, and 4.5 wt% at -196 °C and 0.8 bar was adsorbed. However,
Rowsell et al. [48] proved that these high uptake value were attributable to the
adsorption of some impurity gases. Recently, hydrogen storage capacities of 4.5-5.2
wt% at 50 bar and -196 °C were reported for MOF-5 [49-51]. These pioneering reports
aroused great interest in MOFs as potential candidate hydrogen storage materials based
on physisorption. At the present, however, the big drawback of MOFs is that less than 1
wt% H; can stored at room temperature and 100 bar, which limits the MOFs’
applications.

In summary, the advantages of the physically bound hydrides materials for
hydrogen storage are the low operating pressure, the relatively low cost of the materials

involved, and the simple design of the storage system. However, the significant

29



Chapter 2

drawbacks of hydrogen storage based on physically bound hydrides materials are the

small amount of adsorbed hydrogen and the low temperatures that are necessary.

2.5 Chemically bound hydrogen

Unlike adsorption (physisorption), in absorption (chemisorption) molecular
hydrogen is dissociated and occupies interstitial sites in the metallic or alloy matrix as
shown in Fig. 2.13 [21]. Hydrogen release from chemically bound hydrogen storage
materials can be obtained either by increasing the temperature or by reducing the
pressure. In recent years, chemically bound hydride materials can be classified into
three main categories: (1) classic metal hydrides, such as intermetallic compounds and
magnesium hydride, (2) light metal complex hydrides, such as alanates and

borohydrides, and (3) chemical hydride, such as ammonia borane.

(5252828282200
$L823280803080802)

seoge'ss’ee's'e’

ele 0o ee

=L =t

...c.. e

@ 9

hydrogen molecules

Fig. 2.13 Schematic of hydrogen absorption [21].

2.5.1 Thermodynamics
The thermodynamics of the hydrogen storage reaction is one of the most
fundamental properties of a hydrogen storage material. Usually, the thermodynamic

properties of the hydride formation from gaseous hydrogen are determined accurately
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by volumetric means, using a Sievert’s apparatus. The pressure-composition isotherms
(PCI) measured at a certain temperature for a reversible hydride is shown on the left-
hand side in Fig. 2.14. The host metal initially dissolves hydrogen in a solid solution (o-
phase). Thereafter, with increasing hydrogen pressure and concentration, nucleation and
growth of the hydride phase occurs (B-phase). While the two phases coexist, the
isotherms show a flat plateau. The length of this plateau determines the amount of
hydrogen stored. In the pure B-phase, the hydrogen pressure rises steeply with the
concentration. The two-phase region ends in a critical point, 7¢, above which the

transition from the a- to the B-phase is continuous.
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Fig. 2.14. Pressure composition isotherms for hydrogen absorption in a typical
intermetallic compound are shown on the left hand side. The construction of the van't

Hoff plot is shown on the right hand side [52].

In Figure 2.14, a van 't Hoff plot is also shown on the right hand side, which
relates the pressure p, the temperature 7, the enthalpy AH, and the entropy AS of

hydride formation. This relation is expressed by the van 't Hoff equation:
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AH AS
Inp, =—-— 2.1
ST R (2.1)

where P, is the equilibrium pressure and R is the gas constant. In the van 't Hoff plot,

the slope of the line is equal to the enthalpy of formation divided by the gas constant,
and the intercept is equal to the entropy of formation divided by the gas constant.
AH can vary widely from alloy to alloy and is a measure of the strength of the metal
hydrogen bonding [53]. AS can also vary, but not as much as AH . The van’t Hoff plot
is a convenient way to describe the pressure-temperature stability of metal hydrides.

As the entropy change associated with formation of the hydride corresponds
mostly to the change from molecular hydrogen gas to dissolved solid hydrogen, it is
approximately the standard entropy of hydrogen (Sp = 130 JK™''mol™) and is, therefore,
A48, = -130 JK''mol'H, for all metal-hydrogen systems. The enthalpy term
characterizes the stability of the metal hydrogen bond. To reach an equilibrium pressure
of 1 bar at 27 °C, AH should amount to 39.2 kJ-mol'H,. The entropy of formation term
for metal hydrides leads to a significant heat evolution 4Q = T-4S (exothermal reaction)
during hydrogen absorption. The same heat has to be provided to the metal hydride to
desorb the hydrogen (endothermal reaction). If the hydrogen desorbs below room
temperature, this heat can be delivered by the environment. However, if the desorption
is carried out above room temperature, the necessary heat has to be delivered from an
external source, such as the combustion of hydrogen. For a stable hydride such as
MgH,, the heat necessary for the desorption of hydrogen at 300 °C and 1 bar is = 25%
of the higher heating value of hydrogen. Fig. 2.15 shows van’t Hoff plots of some real

hydrides.
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Fig. 2.15. Van't Hoff plots of some selected hydrides. The stabilization of the hydride of
LaNis by the partial substitution of Al for Ni in LaNis is shown, as well as by the

substitution of mischmetal for La (e.g. 51% La, 33% Ce, 12% Nd, 4% Pr) [52].

2.5.1.1 Altering thermodynamics

Generally, the only way to alter the thermodynamics of a hydrogen storage
reaction was to change the composition, and hence the identity, of the storage material
itself. However, the “destabilization concept” was also introduced for modifying the
thermodynamics. The destabilization concept refers to the process of lowering the
effective enthalpy of a hydrogen desorption reaction, which, when un-modified would
exhibit a AH that is too large (i.e., AH > 50 kJ ‘mol™H,), or too “stable”, for practical
applications. Although the destabilization concept was discovered in the 1960s [54], it
was only recently “rediscovered” for a mixture of LiBHs and MgH, [55]: LiBH4 +

1/2MgH, < LiH + 1/2MgB, + 2H,. The effective enthalpy of this reaction (AH = 41

kJ 'mol'le) was decreased below those of the LiBH4 or MgH, alone (each with AH > 60

kJ'mol'H,) due to the exothermic formation enthalpy of the stable product MgB,.
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Besides lowering the enthalpy of the product phases, the destabilizing effect also can be
achieved by raising the enthalpy of the reactants. Motivated by the destabilization
concept, many other promising destabilized reactions have since been studied
theoretically [56-59] and examined by experiment [55,60,61].

There are two experimental techniques for thermodynamic assessment. The
most common method for determining AH and AS values relies on equilibrium
pressure-composition isotherm (PCI), data as discussed above in this section (Fig. 2.14).
Based on the van 't Hoff equation (Eq. 2.2), AH and AS can be extracted from the slope
and y-intercept of the van’t Hoff linear plot (right-hand side of Fig. 2.14).

Another commonly-used method for experimentally determining
thermodynamic properties is differential scanning calorimetry (DSC). DSC is a thermal
analysis technique that measures the difference between the heat flow into a sample and
the heat flow into a reference material as a function of temperature during a controlled
temperature program. The benefits of DSC include: short measurement times (on the
order of hours), small sample sizes (~5 - 10 mg), and variety of data (e.g.
thermodynamic, kinetic, or thermal information). In regards to hydrogen storage
material characterization, DSC is typically used for obtaining enthalpy data for both
hydrogen storage reactions and for other physico-chemical events, such as melting or
polymorphic transformations. During a DSC measurement, the reference and sample
sensors detect a constant increase in temperature versus time, as specified by the heating
program (e.g. 5 °C-min"). When a thermal event occurs, for example, endothermic
hydrogen release from a material, the heat flux provided to the sample is increased to
keep the temperature of the sample constant while the reference temperature continues
to increase linearly according to the temperature program. Once the hydrogen release

event is complete, the increased heat flux into the sample will bring the sample
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temperature up to the same linear increase as the reference cell. The area under the
sample signal curve is proportional to the amount of heat consumed for that event and

can be related to AH [62].

2.5.2 Kinetics

Hydrogen sorption kinetics is another issue that must be addressed before practical
application becomes feasible for many metal hydrides. To realize which step in the
hydrogen sorption process is rate limiting, it is important to understand the hydrogen
sorption process first. The goal of kinetics research is to understand the dynamic
properties, such as surface interactions, hydrogen—host storage mechanisms, and mass
transport phenomena, which are intrinsic to a sample, including sample processing
and/or catalytic additions. The reaction of hydrogen gas with a metal is called the
absorption process and can be described in terms of a simplified one-dimensional
potential energy curve [63]. Far from the metal surfaces, the potential of a hydrogen
molecule and of two hydrogen atoms are separated by the dissociation energy (H, —
2H, Episs = 435 kJ -mol'le), as shown in Fig. 2.16. The first attractive interaction of the
hydrogen molecule approaching the metal surface is the van der Waals force leading to
the physisorbed state (Eppys = 10 kJ ‘mol'H,), at approximately one hydrogen molecule
radius (0.2 nm) from the metal surface. Closer to the surface, the hydrogen has to
overcome an activation barrier for dissociation and formation of the M-H bond. The
height of the activation barrier depends on the surface elements involved. Hydrogen
atoms sharing their electron with the metal atoms at the surface are then in the
chemisorbed state (Echem = 50 kJ 'mol'le). The chemisorbed hydrogen atoms may have
a high surface mobility, interact with each other, and form surface phases at sufficiently

high coverage. In the next step, the chemisorbed hydrogen atom can jump into the
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subsurface layer and finally diffuse on the interstitial sites through the host metal lattice.

Fig. 2.17 shows the general hydrogen absorption process in metal.
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Fig. 2.16. Schematic of potential energy curves of hydrogen approaching a metal in
molecular and atomic form. The hydrogen molecule is attracted by van der Waals forces
and forms a physisorbed state. Before diffusion into the bulk metal, the molecule has to

dissociate, forming a chemisorbed state at the surface of the metal [52].
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Fig. 2.17. Hydrogen absorption process in metal [64].
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A solution of H in a metal is referred to as the a phase, as shown in Fig. 2.18. As
the hydrogen concentration in the o phase increases, H-H interactions become
important, and a more stable phase nucleates (B phase). The process is shown
schematically in Fig. 2.18. In the initial stages of the process, a few hydrogen atoms
have dissociated and diffused into the low density a phase, as shown in Fig. 2.18(a).
Then, as the hydrogen concentration increases in the a phase, the interaction between
hydrogen atoms through lattice deformation makes nucleation of the high hydrogen

density B phase energetically favorable (Fig. 2.18(b))
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Fig. 2.18. Simple representation of phase transition between the o phase and the  phase

[65].

The B phase is characterized by a higher hydrogen density and often a different
crystalline structure. This phase transition is usually characterized by a crystalline
structure change, volume expansion, and a nucleation energy barrier associated with

volume expansion and the interface energy between the phases [65].
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2.5.2.1 Kinetic barriers

Briefly, in metals, hydrogen absorption takes place via surface dissociation of
hydrogen molecules followed by diffusion of hydrogen atoms into the metal, as
discussed above. Rate-limiting steps could therefore include: surface dissociation of Hy,
diffusion of hydrogen atoms in the metal, and nucleation and growth of the hydride
phase. Meanwhile, the opposite processes occur during hydrogen desorption, namely
hydrogen atom diffusion through the hydride, recombination of molecular hydrogen at
the hydride surface, and nucleation and growth of the metal phase. Since the surface of
the metal particle plays a key role in both uptake and release, activation of the material
may be necessary. This is a process whereby the bare particle surface is generated (e.g.,
via breaking up the passivating oxide layer in Mg-based hydrides) in order to facilitate
the hydrogen dissociation reaction. Incorporating elements which act as hydrogen
dissociation catalysts or increase the surface area by decreasing the crystal grain size are
two methods used to increase the kinetic response in hydrogen storage materials [62].

Hydrogen reactions in complex hydrides are generally more complicated than in
conventional metal hydrides, since both hydrogen and other constituent elements are
involved at various steps. For example, desorption from complex hydrides typically
involves bond-breaking of anionic complexes (e.g., AlHs) and recombination of the
hydrogen into H». In turn, the constituent metal elements may have to undergo long-
range transport to nucleate new phases in the decomposition sequence. Upon
hydrogenation, the processes are reversed, sometimes with altered reaction pathways
[62]. Catalysts or additives are commonly used in complex hydrides to accelerate the
rates of storage reactions. Nevertheless, the detailed atomistic mechanism responsible
for the kinetic enhancement in this sort of material is still unclear, despite a large

number of studies over the last decade. Reducing the particle (crystal) size remains an
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essential step for improving the hydrogen reaction kinetics of complex hydrides. A
related idea which shows promise involves the use of high surface area scaffolding to
confine very small particles of reactant hydride materials. This approach has proven
effective for improving hydrogen reaction kinetics, lowering hydrogen desorption
temperatures, and eliminating unwanted species [66].

To acquire detailed information about the kinetics of the reactions, the apparent
activation energy (Ea) needs to be discussed. In a chemical reaction, the activation
energy roughly corresponds to the height of the free energy barrier. The transition state
along a reaction coordinate is the point of maximum free energy, where bond-making
and bond-breaking are balanced. Multi-step reactions involve a number of transition
states [67]. The activation energy (E,) is the minimum impact energy required for a
chemical reaction to take place. Activation energy can be reduced by introducing a

catalyst, as shown in Fig 2.19.

a Uncatalyzed Reaction b Catalyzed Reaction
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Fig. 2.19. Activation energy curves: (a) undoped and (b) catalyst doped reactions [67].

There are two popular methods to calculate the activation energy. The first

method is based on the Arrhenius equation and the determination of the formation or
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decomposition rate from kinetic curves obtained at various temperatures. From the
Arrhenius equation, the basic rate equation can be expressed as

k =k, exp (-Ea/RT) (2.2)
where £ is the rate of dehydrogenation, k, is a temperature-independent coefficient, £ is
the apparent activation energy for hydride decomposition, R is the gas constant, and 7 is
the absolute temperature. The apparent activation energy Ea can be estimated from the
slope of the plot of In(k) vs. 1/T.

The second is the Kissinger method [68], which is based on differential scanning
calorimetry (DSC) analysis of decomposition or formation processes. The endo- or
exothermic peak positions related to these reactions are related to the heating rate. The
apparent activation energy, Ea, can be obtained from the following equation:

In[f/T,"] = -EA/RT, + 4 (2.3)
where £ is the heating rate, T}, is the peak temperature in the DSC curve, R is the gas
constant, and A4 is a linear constant. Thus, the activation energy, Ea, can be obtained

from the slope in a plot of In[£/T,*] versus 1000/T},.

2.5.3 Basics of Hydrogen Storage in Metal Hydrides

Many metals and alloys react reversibly with hydrogen to form metal hydrides
according to the following reaction (2.4):
Me + x/2 H, — MeHx + Q (2.4)
where, Me is a metal, a solid solution, or an intermetallic compound, MeHy is the
respective hydride, x the ratio of hydrogen to metal, and Q the heat of reaction. Since
the entropy of the hydride is lower in comparison to the metal and the gaseous hydrogen

phase, at ambient and elevated temperatures the hydride formation is exothermic, and
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the reverse reaction of hydrogen release accordingly endothermic. Therefore, for

hydrogen release/desorption, a heat supply is required.

2.5.4 Intermetallic compounds
In 1958 Libowitz et al. [69] discovered the first intermetallic compound that
could reversibly absorb hydrogen (ZrNi). Some of the intermetallic compounds, as

shown in Table 2.7, have great potential for practical use for land-based applications.

Table 2.7. The families of hydride-forming intermetallic compounds, including the

prototype and the structure [53].

ir;ﬁrl?gitr?éhc Prototype Hydrides Structure

AB;s LaNis LaNisHg Haucke phases, hexagonal
AB, %irl\\;ﬁ;ZZran, 7tV Hs < Igj];/iecs phase, hexagonal or
AB; CeNis, YFe; CeNizHy Hexagonal, PuNis-type
AyB~ Y,Niy, ThyFe; Y,Ni;Hj Hexagonal, Ce,Ni;-type
A¢Bx3 YeFens HogFey3Hyi, | Cubic, ThgMnys-type

AB TiFe, ZrNi TiFeH, Cubic, CsCl-/CrB-type

AB Mg,Ni, TipNi Mg,NiH4 Cubic, MoSi,-/Ti;Ni-type

The ‘A’ element is usually a lanthanide element or mischmetal (a rare earth metal
mixture) which easily forms stable hydrides, and ‘B’ is usually an element which does
not form stable hydrides, such as Ni, Co, Al, Mn, Fe, Sn, Cu, etc.

One of the most interesting characteristics of the intermetallic hydrides is the
very high volumetric density of the hydrogen. For example, the volumetric hydrogen
density of LaNisHg is ~ 130 kg Hy'm’, so that this value is suitable for on-board

applications as targeted by the US DOE, as shown in Fig 2.5. In addition, the
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intermetallic hydrides are reversible with good kinetics and are very suitable for
stationary application. However, at ambient temperature and pressure, the intermetallic
hydrides suffer mainly from the drawback of having low gravimetric density, resulting
in a large weight penalty. For example, the hydrogen capacity of LaNis is only 1.5 wt%,

far below the 2015 target (Fig. 2.5).

2.5.4.1 ABs type compounds

The ABs type compounds, especially LaNis, have interesting electrochemical
properties. Although LaNis has been extensively studied in battery development, until
now there has been no significant breakthrough in LaNis based hydrogen storage
material. The major drawbacks to use of ABs type compounds as hydrogen storage
materials are much too low hydrogen storage capacity, no higher than 1.5 wt%, far
below the US DOE target, and relatively high cost of the metal elements. To improve
the hydrogen storage properties of ABs type compound, many investigations have been
carried out, such as by substitution on the A and B sites [70-72]. Up to now, only
hydride batteries have reached the consumer level, while for hydrides obtained by direct
reaction between hydrogen gas and the parent solid phase, applications have not yet

been successful, suggesting that many problems remain to be solved [73].

2.5.4.2 AB type compounds

The AB type compound TiFe was recognized as a metal hydride by Reilly and
Wiswall [74]. Although TiFe is a good candidate hydrogen storage material due to its
inexpensive metal elements and high hydrogen volume density, with total hydrogen
capacity of 1.9 wt%, one of the major drawbacks is the need for activation under drastic

conditions. Usually, a heating process at 350-400 °C under vacuum or hydrogen is
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needed for activation, and the hydrogenation process starts when the alloy is cooled to
room temperature [75]. Investigation of nanocrystalline TiFe prepared by high energy
mechanical grinding has shown that TiFe tends to be oxidized easily, thus forming
Ti0,, Fe,;TiO,, and iron clusters on the nanoparticle surfaces [76]. To improve the
activation process and the hydriding/dehydriding kinetics, mechanical alloying under
different atmospheres with the use of catalytic elements, e.g. Pd, was used. Although
this method improves the hydrogen storage properties of TiFe, the low hydrogen mass

density of TiFe impedes its application.

2.5.4.3 AB, type compounds

The AB, type compounds form the largest group of intermetallic compounds
and are derived from the Laves phase crystal structures, which are named after the
representative cubic MgCu, (C15), hexagonal MgZn, (C14), and hexagonal MgNi,
(C36) [77]. The AB; type compounds have been recognized to be attractive hydrogen
storage materials, particularly the Zr-based alloys [78,79]. To improved the hydrogen
storage properties, multicomponent systems, such as Zr;Tx(Mn, Cr),.,M,, where T =
Ti, Y, Hf, Sc, Nb and M = V, Mo, Mn, Cr, Fe, Co, Ni, Cu, Al, Si, Ge have been studied
extensively. Although AB; type compounds have relatively good hydrogen storage
capacity and kinetics, long cycling life, and low cost, they are too stable at room

temperature and quite sensitive to gas impurities [80-82].

2.5.4.4 BCC type compounds
Many studies have reported that body centered cubic (BCC) alloys could store
hydrogen with a maximum capacity close to 4 wt% and with reversible capacities of

more than 2 wt% [83-86]. Yan et al. [85] revealed that the lattice parameter plays an
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important role in the sorption properties of BCC alloys. In recent years, vanadium-based
alloys with BCC structure have shown high hydrogen storage capacities, good kinetics,
and the ability to absorb/desorb hydrogen at room temperature [83,87-89]. Increasing
the V content is an effective way to accelerate hydrogen absorption, improve the
hydrogen storage capacity, and flatten the hydrogen desorption plateau [80]. Since
vanadium is expensive, this alloy is relatively costly. In order to reduce the price, Yu et
al. [90] studied the effect of Fe substitution in Ti-Cr-Mn-V. Yu et al. [90] found that Ti—
10Cr-18Mn—27V-5Fe and Ti—10Cr-18Mn-32V have hydrogen storage capacities of
3.01 and 3.36 wt %, respectively. Clearly the hydrogen storage capacity is decreased

when Fe is substituted in Ti-Cr-Mn-V.

2.6 Magnesium Hydride

Among the metal hydrides, much work has been focused on magnesium hydride.
Magnesium hydride differs from other metal hydrides according to the type of M-H
bonds and the crystal structure and properties. It is similar to ionic hydrides of alkali
and alkaline earth metals. MgH, is a stoichiometric compound with an H/Mg atomic
ratio 0of 0.99 + 0.0167 [91]. In terms of equilibrium modification of MgH» under normal
conditions, a-MgH, has a tetragonal crystal structure of the rutile type [92,93]. Under
high pressure o—MgH, undergoes polymorphic transformations to form two
modifications: y-MgH, and f—MgH,, with an orthorhombic structure and a hexagonal
structure, respectively [94,95].

Its large hydrogen storage capacity (7.6 wt%), low cost, and superior
reversibility make magnesium hydride a promising candidate for on-board hydrogen
storage [96-101]. However, there are several drawbacks that constrain the practical

application of magnesium hydride, especially for mobile applications. The high
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thermodynamic stability of MgH, results in a relatively high desorption enthalpy (AH =
66—75 kJ-mol'H,), which corresponds to an unfavorable desorption temperature of 300
°C at 1 bar H, [102]. MgH; only starts to desorb hydrogen above 300 °C [97] and has
slow desorption kinetics [103]. This temperature is too high for practical on-board
applications [104]. As one of the central focuses of this thesis is on magnesium hydride,
the limitations of MgH, for practical application and strategies to improve both the
kinetic and the thermodynamics properties of MgH, will be presented and discussed in

more detail.

2.6.1 Limitations of MgH, for practical application

MgH, can be formed by an exothermic reaction based on the following
equation:
Mg + H, — MgH, (2.5)
The enthalpy (AHy) and entropy (AHy) of formation are about -74.5 kJ-mol'H, and -135
J-(Kmol)'H,, respectively [91,105]. Although the magnitude of the enthalpy of MgH, is
lower than for other alkaline earth metals, it is still very high compared with the target
(Table 2.6). Therefore, a range of enthalpy between 10 and 60 kJ-mol'H, is desirable,
in contrast with physisorption and chemisorption, which are below -10 kJ-mol'H, and
higher than 60 kJ-mol'H,, respectively. Obtaining a destabilized hydride that is in
thermodynamic equilibrium with the hydrogen gas closer to room temperature is the
key to reducing the heat of formation, which would, in turn, reduce the release
temperature and increase the energy efficiency of the whole process. This is one of the
most important challenges that must be addressed before automotive applications
become practical [65]. Introducing a new chemical species that reacts with the metal to

form an intermediate state is one way to reduce the heat of formation. In this strategy,
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upon hydrogen release, Mg will not return to its original crystalline structure, but
instead will form an intermediate compound with a reduction in the enthalpy.

Another factor that limits MgH, for practical application is poor
absorption/desorption kinetics. This problem is not completely understood, but the
following factors are widely accepted: (a) the passivation layer covering the surface of
magnesium particles, (b) the poor dissociation rate of hydrogen at the magnesium
surface, and (c) the slow diffusion rate of hydrogen in magnesium and magnesium
hydride. Magnesium oxide forms easily on an Mg surface exposed to air. Usually, oxide
layers on the metal surface are not transparent to hydrogen molecules, so that the MgO
layer prevents hydrogen molecules from penetrating into the material [106]. Hence, to
initiate hydrogen absorption, the oxide layer should be broken down by an activation
process. The activation may consist in cyclic heating and cooling in a vacuum or
hydrogen atmosphere. But even after such an activation process, magnesium could only
be completely transformed to hydride after several hours at 400 °C [106].

Another reason for the sluggish absorption/desorption kinetics of magnesium is
the low dissociation rate of hydrogen molecules on the metal surface. A clean surface of
pure magnesium needs a very high energy for dissociation [103]. In addition, the
diffusion of dissociated hydrogen atoms within the metal hydride is very difficult. The
nucleation rate of magnesium hydride is dependent on hydrogen pressure. High
hydrogen pressure increases the hydrogenation rate by increasing the thermodynamic
driving force of the reaction, but for pressure higher than about 30 bars, the absorption
rate is again reduced [107]. This effect occurs when initial hydrogenation is relatively
fast and leads to the formation of a “surface shell” of magnesium hydride which blocks
further hydrogen uptake [98]. At this point, hydrogenation is limited by the growth of

the hydride. Although in general, growth has been found to be faster than nucleation
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[107], growth limitations are usually responsible for reducing the final hydrogen
capacity. Studies on hydrogenation kinetics have shown that growth is controlled by
diffusion of hydrogen atoms, which is very slow throughout the magnesium hydride
[108]. Further experiments indicated that the growth is controlled by a slow migration
of the interface between the hydride and the magnesium [109], in particular, by
hydrogen diffusion along the hydride—metal interface and not throughout the hydride
layer [107]. In any case, hydrogenation of magnesium is normally almost impossible to
complete, even at very high temperatures and pressures. It has also been observed that
hydrogen uptake declines when the hydride nuclei start to coalesce on the magnesium
surface to form a compact hydride layer and that the hydrogenation reaction vanishes

completely when the hydride layer exceeds 30-50 um [103].

2.6.2 Approaches to improve sorption properties of MgH,

Various attempts have been undertaken to improves the kinetic and the
thermodynamics properties of MgH, such as by reducing the particle size by high
energy ball milling, doping with some catalysts, and reacting with other elements

(destabilization using reactive additives).

2.6.3 Ball Milling

Ball milling is one of the most common methods to improve the hydrogen
storage properties of magnesium hydride. This method is attractive because it greatly
improves the hydrogen sorption behaviour without the added cost of a catalyst and with
minimal loss of storage capacity. At the present, there are several popular types of ball
milling process, such as mechanical alloying (MA), mechanical milling (MM), reactive

mechanical alloying (RMA), reactive mechanical synthesis (RMS), and mechano-
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chemical activation synthesis (MCAS) [110,111]. The different operation and designs
of these milling processes have different influences on the end product.

Ball milling is aimed at reducing the size and agglomeration of particles and
increasing the surface roughness. This leads to an increased surfaces area, introduction
of defects, increased nucleation sites, and a reduction in the diffusion path length for
hydrogen penetration and release. These approaches will definitely affect the hydrogen
storage properties of magnesium hydride. For instance, Huot et al. [112] reported that
ball-milled magnesium hydride could fully absorb at 300 °C and desorb at 350 °C
within a few minutes, which is 5 times faster than unmilled MgH,. However, until now,
the exact mechanism of H, release from ball milled MgH, is still not completely clear.
For example, Selvam et al. [113] claimed that the rate-limiting step in hydrogen
desorption of MgH, occurs at the diffusion pathways of hydrogen through the Mg
grains formed on the surface of the particles. Meanwhile, Barkhordarian et al. [114]
claimed that the recombination of H, molecules took place on the particle surface prior
to desorption. In both cases, the enhancement of the hydrogen release rate is due to a
reduction in particle size, either caused by increased surface area for recombination of
H, molecules or by reducing diffusion path lengths for H,.Besides the effects mentioned
above, the ball milling process also introduces a phase change from -MgH, to y-MgH»
due to the stress, as shown by Huot et al. [112], in which, after 2 h of milling, there is a
formation of y-MgH> and the appearance of MgO, besides unchanged -MgHo.

In addition, the ball milling process also introduces a defect. Nanocrystalline
materials contain a larger fraction of atoms located in defect cores with distorted
coordination, for example, in large angle grain boundaries and at dislocation lines [115].
The parameters of interaction of such atoms with hydrogen should be different from

those of the atoms in the perfect bulk [116]. It has been established experimentally that

48



Chapter 2

these defects are favorable to hydrogen absorption/desorption [112]. The defects on the
surface act as hydrogen pick-up centers that allow faster hydrogen entrance, diffusion,
and hydride nucleation [117]. Defects in the interior of the bulk can dramatically
facilitate the hydrogen diffusion [96]. Fig. 2.20 illustrates the drastic effect of milling on
the hydrogenation kinetics of magnesium hydride. This improvement was explained by
an abundance of defect that act as nucleation sites for the hydride phase and by grain
boundaries that facilitate hydrogen diffusion in the matrix. Although the hydrogen
storage properties of MgH, were improved after the ball milling process, it still needs

further improvement.
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Fig. 2.20. Hydrogen absorption curves of the unmilled (filled marks) and ball-milled

(hollow marks) MgH» under a hydrogen pressure of 1.0 MPa [112].
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2.6.4 Effect of additives

Catalyst investigation plays a vital role in the development of hydrogen storage
materials, especially for the high-capacity metal hydride, MgH,. It is believed that the
catalysing agent can be uniformly distributed on the hydride surface or grain boundaries
when the metal hydride is ball milled with a catalyst. It was reported that the rate of
absorption is controlled by the following factors: the rate of hydrogen dissociation at the
surface, the capability of hydrogen to penetrate from the surface which is typically
covered by an oxide layer into metal, the rate of hydrogen diffusion into the bulk metal
and through the hydride already formed [80]. The catalyst may improve hydrogen
storage properties by hydrogen dissociation on their surfaces, increased defect and
surface area, and/or removal of the required activation step. The additives investigated
mainly fall into four main groups: transition metals, metal oxides, metal halides, and

carbon.

2.6.4.1 Transition Metals

Many studies have shown that Pd is a good catalyst for the hydrogen
dissociation reaction on the metal surface [98,103,118,119]. Zaluska et al. [103]
reported that Pd was uniformly distributed on the magnesium surface in the form of
nanoparticles after ball milling, dramatically improve the kinetic by facilitating the
electron transfer and hydrogen dissociation in a process known as spillover. In spillover,
the hydrogen molecule is dissociated on the highly reactive metal catalyst from where
the hydrogen diffuses to the surrounding storage media. A catalyst can also make the
diffusion through the surface insensitive to the oxide layer that often forms on the metal.
This removes the need for an activation process and increases the resistance to

contaminants and air exposure [98].

50



Chapter 2

Due to the high cost of Pd, other metals were also investigated as additives, such
as nickel, cobalt and iron [120], titanium [121,122], vanadium [122-124], and niobium
[125]. Among them, vanadium and titanium have shown a good catalytic effect.
According to Liang et al. [124], their MgH, + 5 at% V composite produced by
mechanical milling can desorb hydrogen completely under vacuum (0.015 MPa) within
200 s at 300 °C and 900 s at 250 °C. This is much faster than for mechanically milled
MgH, which took more than 2000 s to desorb 2 wt% of hydrogen at 300 °C. In terms of
absorption kinetics, Liang et al. reported that MgH, + 5 at% V composite can absorb 2.0
wt% hydrogen at room temperature in 1000 s, 4 wt% hydrogen at 100 °C in 100 s, and
5.6 wt% hydrogen in 250 s at 200 °C under 1.0 MPa of hydrogen pressure, compared
with ball milled pure MgH,, which showed no sign of absorption at 29 °C. Liang et al.
proposed that the significant improvement of MgH,—V composite is due to the catalytic
effect of vanadium and the particular microstructure of the composite. Meanwhile
Dehouche et al. [126] proposed that vanadium acts as catalyst for dissociation of H,
molecules to H-atoms, and also exhibits high hydrogen density and diffusivity due to
the small lattice parameters of vanadium. Titanium has similar effects to vanadium. The
MgH,-Ti composite exhibits the best desorption kinetics at 250 °C and desorbs
hydrogen completely within 1000 s, compared with no hydrogen desorbed for the ball
milled pure MgH, over the same times [121].

Adding nickel to magnesium by ball milling also improves the
hydriding/dehydriding kinetics due to the strong affinity of Hj-molecules for nickel,
where they dissociates readily to H-atoms and adsorbs onto the surface layer of nickel
particles [127]. However, MgH,—Ni composite prepared by ball milling exhibits better
absorption kinetics than mechanically alloyed Mg—Ni alloy [128]. In addition, Holtz and

Imam [129] reported that ball milling magnesium in the presence of 1 at% Ni could lead
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to a reduction in the hydrogenation temperature of Mg from 275 °C to 175 °C and a
lowering of the desorption temperature from 350 °C to 275 °C. Niobium was also found
to act as a good catalyst for hydrogenation of magnesium hydride. It is believed that
niobium particles act as gateways through which hydrogen flows out of the magnesium
hydride [125].

Summarizing the effects of transition metals on the hydrogenation properties of
magnesium hydride, the transition metal catalyst chemisorbs hydrogen and transfers
hydrogen to the Mg matrix. The interface between the Mg and the catalyst acts as an
active nucleation site for the hydride phase. The addition of transition metals reduces
the nucleation barrier and furthermore, improves the hydrogenation properties of

magnesium hydride [121].

2.6.4.2 Metal Oxides

There are different types of metal oxides that are used as catalyst for MgH,, such
as MgO [130], Sc,03 [131], TiO, [130-132], V,0s [131], Nb,Os [114,133-136], Cr,0;
[126,130,131,137], Mn,O3 [131], Fe,O5 [130], CuO [131], ALLO; [130,131], and SiO,
[130,131]. Oelerich et al. [131] studied nnanocrystalline MgH,/Me,O,-powders (where
Me,O, = Sc,03, TiO2, V205, Cr,03, Mny03, Fe3O4, CuO, AlOs, SiO,) produced by
high energy ball milling and found that the MgH,/Cr,O3; sample yielded the fastest
hydrogen absorption and the MgH,/Fe,O; sample shows the fastest kinetics of
desorption. It is believed that the valence states of metals in the oxides play an
important role with respect to the hydrogen cycling kinetics. The improvement of MgH,
sorption properties in the presence of metal oxides may have also originated from a very
high defect density, which was introduced at the surface of the metal oxide particles

during high energy ball milling. Meanwhile, Barkhordarian et al. [133] studied the
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effects of different series of metal oxides and found that Nb,Os is the most effective
catalyst for the hydrogen sorption reaction of MgH,. 6.9 wt.% hydrogen was absorbed
within 60 s for the Mg sample with 0.2 mol% Nb,Os, while only 5.9 wt.% hydrogen can
be absorbed during the same time for the Mg sample with 0.2 mol% Cr,0Os. In term of
desorption kinetics, in the sample with addition of 0.2 mol% Nb,Os, magnesium
hydride desorbs nearly 6.9 wt.% of hydrogen in only 140 s compared to the sample with
0.2 mol% Cr,0s, which requires 370 s for the full desorption of its 6.9 wt.% of
hydrogen. It was suggested that the catalytic effect is attributable to electronic exchange
reactions with hydrogen molecules, accelerating the gas—solid reaction. Meanwhile
Friedrichs et al. [136] showed a reduction in the Nb particles after recycling, and a
phase of MgNb,0;¢; was observed in their X-ray diffraction patterns. Based on these
results, they proposed a reaction mechanism involving a lower oxidation state of Nb,Os
particles that introduce a network of pathways for hydrogen diffusion through the MgH,
layer. The oxide particles may operate as a milling ball during high-energy ball-milling
that creates many defects in the Mg powder. Defects provide hydrogen an easy path to
Mg [138]. In addition, it has been recognized that milling magnesium with a metal
oxide gives a smaller average particle size than when the milling is performed with a

metal [139].

2.6.4.3 Metal Halides

The addition of metal halides as catalysts significantly improves the hydrogen
storage properties of MgH, [101,140-145]. As with the other additive group discussed
previously, the real catalytic mechanism of metal halides on MgHj, is also still an open
question. Jin et al. [101] studied the effects of NbFs on the hydrogenation properties of

MgH,; and concluded that the actual catalyst is Nb hydride, not NbFs. MgH, containing
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1 mol.% of NbFs desorbed 6.3 wt.% H, in 15 min and absorbed more than 90% of its
initial hydrogen capacity within 5 min at 300 °C. Moreover, this fast sorption kinetics
was maintained after 10 cycles. It is suggested that NbFs melts during high-energy ball
milling and this promotes the formation of extremely fine, film-like Nb hydride
preferentially along the grain boundaries of nanocrystalline MgH, by a liquid/solid
reaction and suppresses the grain growth of MgH, quite effectively.

Ma et al. [143] compared the catalytic effects of TiF; and TiCls, and found that
TiF; shows a superior catalytic effect over TiCl; in improving the hydrogen sorption
kinetics of MgH,, which was attributed to the catalytic effects of the F anion. From
combined XPS examination and designed experiments, Ma et al. suggest that a
considerable amount of F participates in the generation of a metastable active Ti-F-Mg
species. These findings suggest that the advantage of TiF; over TiCl; as catalytic
additive is closely related to the generation of F-containing active species. More
recently, Malka et al. [145] studied the influence of various metal halide additives on
the decomposition temperature of MgH, and found that the best catalysts for
magnesium hydride decomposition were ZrF4, TaFs, NbFs, VCl;, and TiCl;. They
claimed that halides possessing the highest oxidation state reduce magnesium
decomposition temperature more effectively than their counterparts with lower
oxidation state. Halides from groups IV and V of the periodic table are better catalysts

in comparison to the other halides studied.

2.6.4.4 Carbon
Besides transition metals, metal oxides, and metal halides, another of the
catalysts or additives of considerable interest is carbon. Graphite and carbon nanotubes

(CNTs) are two popular catalysts from the carbon group that have been investigated to
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improve the hydrogen properties of MgH,. In 1999, Imamura et al. [146] studied the
effect of graphite on magnesium with and without benzene, and found that that the
cracking of graphite in the composites milled with benzene predominantly occurs by
cleaving along graphitic layers, while the graphite milled without benzene is broken
irregularly with no discernible order. Evidenced by XPS, only cleaved graphite,
intimately interacting with Mg, is active for the catalytic activation of hydrogen
molecules [146]. Meanwhile, Huang et al. [147] compared the effects of different
carbon additives: carbon black, graphite, and multi-walled carbon nanotubes, on the
hydrogen storage properties of magnesium. Among the carbon allotrope additives,
graphite (G) shows extraordinary catalytic behavior towards hydrogen desorption. The
desorption temperature of the rehydrogenated MgH, + G is 35 °C lower than that of the
as-prepared counterpart, and this is probably due to the interaction of graphite and Mg.
A study by Wu et al. [148] shows that the hydrogen storage properties of Mg
can be considerably improved by mechanically milling MgH, with carbon based
additives (purified single walled carbon nanotubes (SWCNTs), graphite, activated
carbon, carbon black, and fullerene) compared with non-carbon materials (boron nitride
nanotubes and asbestos). On comparison of the hydrogen storage performances of
different Mg/C composites, they found that purified SWCNTs were the best additive.
This result clearly illustrates that the catalytic effect of SWCNTs is strongly related to
its unique microstructure. Wu et al. [149] therefore speculated that the prominent
primary catalytic effect of CNTs results from the formation of hydrogen diffusion
channels via the inserted CNTs into Mg matrix, which improves the practical capacity
by driving the de-/rehydrogenation reactions towards completion. Unfortunately, they
failed to obtain any direct evidence of such ‘‘diffusion channels’’ by microstructural

characterization (e.g. high resolution TEM). Recently, Amirkhiz et al. [150] imaged the
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microstructure of milled a-MgH, by cryo-stage TEM analysis, which is nanocrystalline
and in some cases multiply twinned. In addition, they confirmed that the addition of
SWCNTs exerts no detectable influence on the amount of grain boundary area and
claimed that the SWCNTs function by the following mechanism: during mechanical
milling, the SWCNTSs penetrate into the thin surface hydroxide shell on the surface of
Mg and act as ‘‘hydrogen pumps’’.

Although the catalysts and additives has proven effective in improving hydrogen
reaction kinetics and lowering hydrogen desorption temperature of MgH,, but the
detailed atomic mechanism responsible for the enhancement still remain elusive, despite
a large number of studies over the last decade. Most significantly, none of the proposals

have allowed for the prediction of new, optimized catalysts.

2.6.5 Destabilization using reactive additives

In 1960, Reilly and Wiswall [54] pioneered the destabilization concept. The
basic concept was to use alloys to make the hydrides less thermodynamically stable.
The destabilization concept could be regarded as a quite different approach. This
approach is aimed at modifying the thermodynamics and kinetics of the hydrogen
sorption reaction. Thermodynamic destabilization is achieved by using additives that
form a new compound during dehydrogenation. Thermodynamic destabilization
exploits the fact that the 7(1 bar) is proportional to the AH of dehydrogenation. Thus,
the addition of a second phase to a metal hydride can lead to thermodynamic
destabilization of that metal hydride through the formation of an end product which has
a lower enthalpy than that for the pure element [151]. To understand the principle of the
destabilization concept, it is better to illustrate it using a general enthalpy diagram, as

shown in Fig. 2.21. Generally, the pure hydride AH, decomposed to form A + Hj. This
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dehydrogenation process occurs with a relatively high enthalpy; therefore, the
equilibrium hydrogen pressure will be low. So, a high temperature is required for an
equilibrium pressure of 1 bar [7(1 bar)]. However, if the second phase, B is introduced,
the chemical environment of AH; is altered, and then dehydrogenation can proceed to
AB, + H,.

Dehydrogenated state
A A+H, AH large,

T(1 bar) high

Stabilized (alloy) state
ABy +H, AH smaller,
T(1 bar) lower

ENTHALPY

Y Y AH,+xB Hydrogenated state

Fig. 2.21. Generalized enthalpy diagram illustrating destabilization through alloy
formation upon dehydrogenation. Including the alloying additive, B, reduces the
enthalpy for dehydrogenation through the formation of AB, and effectively destabilizes

the hydride AH; [152].

This new reaction has a lower change in enthalpy, and therefore, an increased
equilibrium hydrogen pressure. Thus, AH, is effectively thermodynamically
destabilized, even though the bonding of AH; is not altered [152].

Motivated by destabilization concept, Vajo et al. [153] tried to use certain
elements such as Si to destabilize MgH,. The formation of an intermediate phase,
Mg,Si, during the dehydrogenation process is beneficial to MgH, destabilization.
However, the formation of Mg,Si would reduce the gravimetric hydrogen density
because Si cannot be hydrogenated, so this intermediate phase seems hard to make

reversible. Motivated by the studies of Vajo et al., many elements including LiAlHy4
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[154,155] and LizAlHg [156] have been mixed with MgH; based on the interaction of
the different hydrides through alloys formation during dehydrogenation, which could
alter the de/rehydrogenation thermodynamics of single hydrides.

Recently Zhang et al. [154] reported that MgH, can be destabilized effectively
by LiAlHy4, in which the onset dehydrogenation temperature and the enthalpy of MgH5,-
relevant decomposition in MgH,-LiAlH4 composite are improved from those of as-
milled MgH,. The onset dehydrogenation temperature of MgH, in the composites was
observed at around 250 °C, which is reduced significantly by more than 50 °C from that
of as-milled pristine MgH,. Furthermore, DSC measurements exhibit that the enthalpies
of MgH,-relevant decomposition in the composites (1:1, 2:1 and 4:1 in mole ratio) are
45.0, 48.6 and 61.0 kJ-mol 'H,, respectively. The values are significantly smaller than
that of pristine MgH, (76 kJ-mol 'H,), demonstrating the destabilization of MgH, in this
system. They claimed that formation of Al;;Mg;7 and Lip9,Mga s as a reaction product
during the dehydrogenation process are beneficial to MgH, destabilization. The
activation energy for the decomposition of MgH, in the MgH,>—LiAIH4 (4:1) composite
can also be reduced to 191 kJ'mol™'. They suggested that the reaction with LiH and Al
phases leads to a more activated surface of MgH, and subsequently formed Lig 9,Mgs o3
and Mg;;Al;» phases create a beneficial pathway for the hydrogen atoms diffusion to the

surface and recombination.

2.7 Complex Hydrides

Complex hydrides are a group of materials which are combinations of hydrogen
and group one, two, and three light elements (e.g. Li, Na, B, and Al). Their light weight
and the number of hydrogen atoms per metal atom, which is two in many cases, and as a

result, their very high hydrogen storage capacity, make complex hydrides interesting
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storage materials. The hydrogen in the complex hydrides is often located in the corners
of a tetrahedron with B or Al in the center. The negative charge of the anion, [BH4] or
[AIH4] , is compensated by a cation, e.g. Li or Na [52]. There are two main groups of
complex hydrides, that is, the hydride complexes of borane, the tetrahydroborates
M(BH4), and the hydride complexes of alane, the tetrahydroaluminates M(AIH,). The

M element is a light element such as Li, Na, Ca, or Mg, as shown in Table 2.8.

Table 2.8 Physical properties of selected complex hydrides.

Molecular weight Start O.f. Hydrogen content
Formula 1 decomposition o
(g mol™) o (wt.%)
°C)

LiBH4 21.8 320 [157] 18.4
NaBH4 37.8 450 [158] 10.6
Mg(BH4), 53.9 320 [159] 14.8
Ca(BHa), 69.8 360 [160] 11.5
NaAlHy4 54.0 230 [161] 7.5
Mg(AlHy), 86.3 110-130 [162] 9.3
Ca(AlHy), 102.1 80 [162] 7.9
LiAlH4 40.4 170 [163,164] 10.6

2.7.1 Lithium Borohydride, LiBH4

First synthesized in 1940 by Schlesinger and Brown [165], LiBH4 could be
attractive as a hydrogen storage materials due to its high hydrogen capacity, 18.4 wt%
H,. There are four endothermic peaks that were observed during the dehydrogenation

process of LiBH4 [166]. The first endothermic peak at around 110 °C is assigned to a
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polymorphic transformation, while the second endothermic peak at around 267-280 °C
is due to the melting of LiBH4. The third endothermic peak at 490 °C corresponds to the
first dehydrogenation of LiBH4, and the fourth endothermic peak at 680 °C is assigned
to the release of three of the four hydrogen atoms. Nevertheless, its high desorption
temperature and slow sorption kinetics prevents the use of LiBH, as a hydrogen storage
material. In order to overcome these problems, many approaches have been tried such
as the use of catalyst or application of the destabilization concept. Previous studies have
shown that additives, such as Mg, Al, MgH,, CaH,, TiCls, and MgCl,, are effective in
reducing the dehydriding temperature of LiBH4. Au et al. [167,168] reported that the
lowest dehydriding onset temperature was 60°C  for the material
LiBH4 + 0.2MgCl, + 0.1TiCls. It desorbed 5 wt% of hydrogen at 400 °C and absorbed
4.5 wt% of hydrogen at 600 °C and 7 MPa during dehydriding/re-hydriding cycles.
Meanwhile, Pendolino et al. [169] studied the effects of boron on the decomposition of
LiBH4. Their result revealed that boron addition reduces the dehydrogenation
temperature from 500 °C for pure LiBH4 to 350 °C for the LiBH4-B system.

Many studies have shown that LiBH,4 is effectively destabilized when mixed
with MgH, [55,56,58,60,152,170,171]. Vajo etal. [55,152,170] reported that the
hydrogen sorption properties and reversibility of LiBH4 was improved when mixed with
MgH,. Formation of MgB, upon dehydrogenation reduces the de/rehydrogenation
enthalpy by 25 kJ-mol'H, compared with pure LiBH,. In addition, Al or Al-containing
compounds also can modify LiBH4 [56,60,171]. It is believed that the formation of
AlB; during the dehydrogenation process increases the stability of the products and thus
results in a lower desorption temperature. Recently, the destabilization concept has been
experimentally found to be useful in tuning the thermodynamics of LiBH4 through

forming dual-cation borohydrides. For example, Nickels et al. [172] successfully
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prepared LiK(BHy4), by calcining a LiBH4/KBH4 mixture at moderate temperature.
Their result showed that the decomposition temperature of these dual-cation
borohydrides is lower than that of LiBH4. The appropriate combination of cations might
be an effective method for adjusting the thermodynamic stability of metal borohydrides,
similar to the conventional “alloying” method for hydrogen storage alloys. A number of
techniques have been proposed to improve the hydrogen storage properties of LiBH4.
However, many obstacles still need to be overcome such as finding the appropriate
additives or catalysts and reducing the release of diborane gas and other by-products,

which may contribute to the practical application of LiBH,.

2.7.2 Sodium Borohydride, NaBH,

NaBH4 has a gravimetric hydrogen density of 10.6 wt%. The two popular
methods for the preparation of NaBH, are the Schlesinger process [173] and the Bayer
process. NaBHj starts to releases hydrogen at about 450 °C, and the release proceeds in
several steps during the dehydrogenation process. In aqueous solution, NaBH4 dissolves
to produce hydrogen and liquid borax [174]. On the other hand, the thermal desorption
of hydrogen from NaBHy is easily obtained via hydrolysis [53].

In 2007, Barkhordarian et al. [175] found that when NaBH, is combined with
MgH,, reversible reactions have been obtained for reactive hydride composites (RHC),
which lower the reaction enthalpy. After hydrogen release from the MgH,-NaBH,
system by thermal decomposition, the remaining B and Mg can react to form MgB,,
allowing the re-hydrogenation reaction to take place. Since then, many studies have
been conducted to improve the hydrogen storage properties of NaBH,4 [176-178]. Mao
et al. [177] found that the presence of MgH, could destabilize the decomposition of

NaBH,, decreasing the dehydrogenation temperature by about 40 °C compared with the
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pure NaBH4. Mao et al. also examined the effects of various catalysts such as TiF3,
TiO,, Zr, Si, and BCC alloy on the MgH,-NaBH4 system, and rehydrogenation
experiments showed that 5.89 wt.% hydrogen was absorbed by rehydrogenation within
12 h under 600 °C and 4 MPa for the MgH,-NaBH4-TiF; system. Although NaBH, is a
promising candidate hydrogen storage material due to its high hydrogen content, only 1
wt% of the total is liberated at lower temperature, whereas most of the hydrogen is

desorbed at about 450 °C.

2.7.3 Magnesium Borohydride, Mg(BH,),

Mg(BH4), 1s a promising material for hydrogen storage because of its high
gravimetric storage density (14.8 wt% H,). It has smaller enthalpy (22.7 kJ-mol'H,)
compared with LiBHy4, implying that Mg(BHs); 1s less stable than LiBH4 [179,180]. The
main approach to synthesizing Mg(BH4), is the double decomposition of magnesium
halides with alkaline metal borohydrides in an organic solvent, e.g. diethyl ether or
tetrahydrofuran. Recently, Matsunaga et al. [181] reported a new method to synthesize
Mg(BH4), by a dry process without using a solvent. LiBHs; and MgCl, are used as
starting materials as shown in reaction (2.5):
2LiBH4 + MgCl, — Mg(BH4), + 2LiCl (2.6)

In the dehydrogenation process of Mg(BH,),, Chlopek et al. [159] found that o-
Mg(BH,), first undergoes a phase transformation at about 190 °C before it further
decomposes in several steps. Mg(BH4), starts to release hydrogen approximately
between 290 and 500 °C, and about 13 wt% hydrogen is released. Besides the hydrogen,
small amounts of B,Hs were detected by mass spectrometry. Li et al. [182] studied the
effects of ball milling and additives on the dehydriding behaviour of well-crystallized

Mg(BH4), and found that the presence of TiCl; decreases the decomposition
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temperature to about 100 °C. With a high hydrogen content, Mg(BH,), seems to be
interesting for hydrogen storage, but the high decomposition temperature makes it less
suitable for reversible hydrogen storage. The by-product gas also is of concern due to

the potential of toxic borane formation.

2.7.4 Calcium Borohydride, Ca(BHy);

As with the other tetrahydroborates discussed above, Ca(BHy), also has high
hydrogen capacity, containing 11.5 wt% H,. Riktor et al. [183] reported that by adding
ball-milled CaHj; to triethylamine borazane complex, Ca(BH,), can be obtained as a by-
product after heating to 140 °C, cooling, and washing with n-hexene. Barkhordarian et
al. [175] found that Ca(BH4); can be synthesized without any solvent, being obtained by
ball milling of CaH, and MgB,, and further hydrogenation at elevated temperature.
Recently, Ronnebro and Majzoub [160] reported that Ca(BH4), can be prepared under
rather harsh conditions from ball-milled CaBs and CaH, under 70 MPa hydrogen
pressure and heating to 400-440 °C.

Miwa et al. [184] prepared pure Ca(BH,), without any solvent adducts and
determined its structural parameters. They found that the crystal structure of Ca(BH4),
is orthorhombic with space group Fddd. Miwa et al. also predicted that the enthalpy
change for decomposition of Ca(BHy), is 32 kJ'mol'H,. Kim et al. [185] studied the
dehydrogenation and rehydrogenation reactions of Ca(BH,), catalyzed with TiCl; using
high energy ball milling and found that the reaction below occurred during the
dehydrogenation process:

Ca(BH4), — CaH, +2B +3H, (8.7 wt% Hy) (2.7)

The rehydrogenation experiment demonstrated that Ca(BH4), could be

rehydrogenated under 90 bar of hydrogen at 350 °C over 24 h with about 3.8 wt% H,
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absorbed. Although Ca(BH4), has a considerable potential as a reversible hydrogen
storage material, the synthesis conditions and rehydrogenation process require high

pressure and temperature, which might be too challenging for any application.

2.7.5 Sodium Aluminium Hydride, NaAlH,4

In the mid 1950s, Finholt et al. [186] first synthesized sodium alanate by
reaction of sodium hydride, aluminium, and hydrogen under pressure in various
solvents. Later on, Dymova et al. [187] showed that sodium alanate can also be obtained
from its elements in the absence of solvents, as shown in Eq. (2.6).

Na+ Al +2H,; — NaAlHs  (7<270-280 °C, P> 175 bar) (2.8)
NaAlH4 theoretically can release about 5.6 wt% of hydrogen in two stages according to
the following reactions [188,189]:

3NaAlH4 — NaszAlHg + 2Al1 + 3H, (2.9)
Na3;AlHq — 3NaH + Al + 3/2H, (2.10)
The first reaction stages releases 3.7 wt% H; and requires a releasing temperature of
180-200 °C, and the second reaction stages releases 1.8 wt% Hj; at temperatures higher
than 250 °C [188]. The enthalpy of the reaction was measured to be 37 kJ-mol 'H, and
47 kJ-mol 'H, for the first and second stages, respectively. However, the kinetics is very
slow for both reactions, from the viewpoint of practical applications.

In 1997, Bogdanovic and Schwickardi [190] first reported a decrease of 50 °C in
the decomposition temperature of NaAlH4 by introducing a small amount of Ti. NaAlIHy4
could decompose at only 150 °C in the presence of Ti. Bogdanovic and Schwickardi
also revealed that the rehydrogenation of NaAlH4 was also affected by this doping and
that reversibility of NaAlH4 could be achieved at 170 °C under 15.2 MPa. Since then, a

number of other catalysts have been studied for the improvement of NaAlH,4 such as
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Al3Ti, ScCls, CeCls, PrCls, VCl;, HfCly [191-195]. Even though the hydrogen storage
properties of NaAlH, were improved by the presence of catalyst, the actual role of the

catalyst is still unclear and is the topic of numerous publications [192,196,197].

2.7.6 Magnesium Aluminium Hydride, Mg(AlHy),
The first report on preparation of magnesium alanate was by Wiberg and Bauer
[198-200], in which three different methods have been used for synthesizing Mg(AlH4),

in diethyl ether based on the following reactions:

4MgH, + 2A1Cl; — Mg(AlH,), + 3MeCl, (2.11)
MgH, + 2AIH; — Mg(AlHy), (2.12)
2LiAIH, + MgBr, — Mg(AlHy), +2LiBr (2.13)

Later on, Plesek and Hermanek [201] prepared of Mg(AlH,), by the reaction of NaAlHy4
and MgCl; in tetrahydrofuran (THF) as follows:
NaAlH4 + MgCl, — CIMgAIH4 + NaCl (2.14)
CIMgAIH,4 + NaAlH4; — Mg(AlHy), + NaCl (2.15)
Although many studies have been reported on the synthesis of Mg(AlH4),, no
single method makes it possible to obtain Mg(AlHs), without impurities.
Mechanochemical activation of 2NaAlH,; + MgCl, or MgH, + AICl, mixtures in a high
energy ball mill is another method to synthesis Mg(AlH4), [202,203]. Fossdal et al.
[204,205] studied the structure of crystalline magnesium alanate using XRD, powder
neutron diffraction (PND), and synchrotron radiation and found that Mg(AlH4),
crystallizes in a trigonal structure with space group P3ml, consisting of isolated and
slightly distorted AIH4 tetrahedra that are connected via six coordinated Mg atoms in a
distorted octahedral geometry, resulting in a sheet-like structure along the

crystallographic c-axis.
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The decomposition of Mg(AIH4), occurs in a 3-step thermal decomposition

according to the following equations [206]:

Mg>(AlH,) — MgH, + 2A1 + 3H, (2.16)
2A1+ Mg — % AlMg, + % Al (2.18)

The first step occurs at 110-200 °C with 7 wt% H; evolution, while in the second step,
MgH, decomposes to Mg metal and H, at 240-380 °C with release of 2.3 wt% of Ha.
The third step occurs due to the reaction between Mg and Al at around 400 °C and it
forms the intermetallic compound Al;Mg,. Adding a Ti catalyst had a positive effect on
the desorption kinetics but did not affect the reversibility of Mg(AlH4), [207].
Mg(AlH4), cannot be reversibly rehydrogenated due to the instability of the compound.
Although Mg(AlH4), has high hydrogen capacity and can releases as much hydrogen as
9.3 wt% below 380 °C, the preparation condition and very high thermodynamic stability

makes Mg(AlH,), an unsuitable hydrogen storage material.

2.7.7 Calcium Aluminium Hydride, Ca(AlHy);

Ca(AlHy), can be synthesized from CaH, and AICI; in the presence of THF or
dimethyl ether [161] by the following reaction path:
4CaH; + 2AICl; — Ca(AlHy), + 3CacCl, (2.19)
Recently, a metathesis reaction of NaAlH4 or LiAlH4 with CaCl, by ball milling was
also proposed as an efficient way to produce Ca(AlHy),, in which NaCl or LiCl was
found to be present as a by-product [203]. Fichtner et al. [208] reported the structure of
Ca(AlHy),"4THF using powder XRD and found that Ca(AlH4),-4THF crystallized in the

monoclinic space group P2,/n with two formula units per unit cell.
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Ca(AlHy), theoretically can decompose in two steps with a total 5.9 wt%
hydrogen evolution according to the following reactions:

Ca(AlH,), — CaAlHs + Al + 3/2H, (2.20)
CaAlH; — CaH, +Al + 3/2H, (2.21)

The first dehydrogenation process of equation (2.19) occurs exothermically with AH =
—7.5 kI'mol'H, at 127 °C, releasing 5.3 wt% of H,. The second reaction (equation
(2.20)) occurs endothermically with AH = 25 kJ'mol™'H, at 250 °C, with 2.6 wt% of H,
release [162,209]. The CaH, formed in eq. (2.20) can also decompose to release the
hydrogen and would increase the overall capacity to 7.9 wt wt%, but this reaction
occurs only at temperatures between 350-400 °C, so the temperature is impractical for
on-board storage. From the literature, it seem as if Ca(AlH4), needs more thorough

investigation, as the decomposition of Ca(AlH4); is more complex.

2.7.8 Lithium Aluminium Hydride, LiAIH4

Another interesting complex hydride is LiAlHs due to its low decomposition
temperature and high gravimetric hydrogen density. As one of the centers of attention of
this thesis is on it, its structure and hydrogen storage properties have been described in
more detail. Approaches to improve sorption properties of LiAlH4 and the possible

strategies to improve sorption properties of LiAlHy are also discussed in this section.

2.7.8.1 Structure and properties

In 1947 Finholt et al. [210] were the first who reported of preparation of lithium
alanate starting from LiH and an ether solution of AICl; based on the following
equations:

4LiH + AICl; — LiAlH, + 3LiCl (2.22)
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Besides that method, LiAlIH4 also can be synthesized from LiH and Al in the presence
of TiCl; as catalyst precursor and THF as complexing agent [211,212]. Recently,
Kojima et al. [213] reported that a small amount of LiAlH,4 can be obtained by direct
synthesis of LiH and Al by ball milling in a H, atmosphere (1 MPa) at room
temperature. More recently, Graetz et al. [214] demonstrated a low-energy route to
regenerate LiAlH4 from LiH and Ti-catalyzed Al. They reported that the initial
hydrogenation occurs in a tetrahydrofuran slurry and forms the adduct LiAlH4-4THF,
which can be desolvated at low temperature to yield crystalline LiAlHy.

Sklar and Post [215] were the first to investigate the crystal structure of LiAlH4
by using single crystal XRD and found a monoclinic structure with space group P2,/C.
LiAlHy4 consists of almost regular [AlH4] tetrahedra with lithium bridging ions between
the tetrahedra. The results of Sklar and Post have been confirmed by Hauback et al.
[216] by using combined XRD and neutron diffraction at -265 and 22 °C. Hauback et al.
found that there were Li" centers surrounded by five AlD, tetrahedra and bonded to one
deuterium atom from each of the surrounding tetrahedra, creating a bipyramid
arrangement. The Al-D distances are in the range of 1.603—1.633 A at 22 °C and 1.596—
1.645 A at 265 °C, as shown in Fig. 2.22.

(a) (b)
¢

160.5(6)

162.3(5) ‘ 163‘39
¢ )

160.3

Fig. 2.22. (a) The crystal structure of LiAlD4; AlD4 tetrahedra is linked via Li atoms.

and (b) slightly distorted AlD, tetrahedron at 8 K with the Al-D distances [216].
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Apart from being used as a reducing agent in organic synthesis, especially for
the reduction of esters, carboxylic acids, and amides, lithium aluminum hydride
(LiAlH4) is also a promising compound for hydrogen storage, with a high gravimetric
and volumetric hydrogen density and a low decomposition temperature. In theory,

LiAIH4 can desorb 10.6 wt% of hydrogen according to the following reactions [217]:

3LiAIH, — LisAlHg + 2A1 + 3H, (2.23)
Li;AlH — 3LiH + Al + 3H, (2.24)
3LiH + 3A1 — 3LiAl + 3/2H, (2.25)

The first reaction stage (Eq. 2.22) releases 5.3 wt% H; and occurs exothermically with
AH =—10 kJ'-molH, at 160—180 °C. The second reaction stage (Eq. 2.23) releases 2.6
wt.% H, and occurs endothermically with AH = 25 kJ'mol'H, at 180220 °C. Finally
the third reaction stage (Eq. 2.24) releases 2.6 wt% H; and occurs at 400 °C with an
enthalpy of 140 kJ-mol™ H,, which is not taken into consideration for practical on-board

applications due to the high temperature.

2.7.8.2 Effect of additives

Due to the reversibility issue, LiAlHs did not arouse much attention as a hydrogen
storage medium until the discovery of Bogdanovic and Schwickardi [190]. A study by
Bogdanovic and Schwickardi showed that doping NaAlH4 with Ti compounds enables
reversibility of the hydrogenation/dehydrogenation reaction. Since then, extensive
catalyst investigations have been reported for the development of solid state hydrogen
storage, especially in light metal hydrides, including LiAlH4. However, in the case of
LiAlH4, the majority of the studies deal with the onset decomposition temperature of
LiAlH,. Balema et al. studied the effects of metallic iron and TiCl; on the
decomposition properties of LiAlH, by ball milling and found that LiAlH,4 can be easily
transformed into Li3AlHg, Al, and H; in the presence of these catalyts [218-220]. They
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demonstrated that the high catalytic activity of TiCls on LiAlHy is due to the formation
of a nano- or microcrystalline Al;Ti phase formed from TiCly and LiAlH4 during the
milling process [218]. Resan et al. [221] studied the effects of elemental titanium, TiH,,
TiCly, TiCls;, AICl;, FeCls, elemental iron, elemental nickel, elemental vanadium, and
carbon black on the hydrogen release characteristics of LiAlH4 by ball milling and
found that the addition of TiCl; and TiCly to LiAlH4 eliminated the first step of
hydrogen evolution and significantly lowered the decomposition temperature of the
second step. For the other elements, they concluded that these catalysts caused only a
slight decrease in the amount of hydrogen released and did not lead to the disappearance
of the first step of hydrogen evolution. Blanchard et al. [222] reported that ball-milling
of LiAlDy in presence of VCls or TiCls-1/3(AICl5) can reduce its thermal decomposition
temperatures by 60 and 50 °C, respectively. Sun et al. [223] reported that milling
LiAIH4 and NiCl; together for 0.5 h can yield a homogeneous mixture of LiAlH4, which
desorbed 4.2 wt% H; in 3 h at only 100 °C, with the onset decomposition temperature
of LiAlH4 decreased by 50 °C. They believed that the active Ni species plays a crucial
catalytic role in the LiAlH4-NiCl, system. Liu et al. [224] ball milled LiAlH4 with TiF;
and found that decomposition of LiAlH4 occurs during the milling process and that the
initial dehydrogenation temperature of doped LiAlH4 was reduced to 80 °C, which is 70
°C lower than for the as-received LiAlH4. They proposed that during ball milling, a
small part of TiF; react with LiAlH4 and form TiAl;. The formed TiAl; may act as a
real catalytic effect in the LiAIH4-TiF3; system. Recently, Varin et al. [225,226] showed
that both MnCl, and nanonickel (n-N) doped LiAlH4 improve the dehydrogenation
kinetics. They also revealed that during high energy ball milling for 15 min the LiAlH4

+ 5 wt% MnCl, nanocomposite releases about 0.25 wt% H; [225]. However, the LiAlH4
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+ 5 wt.% n-Ni nanocomposite does not release H, during high energy millingup to 1 h

[226].

2.7.8.3 The reversibility of LiAIH4

In finding a material for practical application as a suitable hydrogen storage
material, the reversibility is important. The reversibility is related to the
thermodynamics of the decomposition. Theoretically, for a complex hydride to absorb
and desorb hydrogen reversibly under practical pressures and temperatures, the
hydrogen decomposition must be endothermic [18]. As mentioned previously, for
LiAlH4, the first reaction stage is exothermic, and the second reaction stage is
endothermic, which means the first reaction stage is irreversible under ambient
conditions, while the second reaction stage, in principle, could be reversible under
restrictive conditions. The reversibility in the solid state of LiAlHs has not been
reported as thoroughly as for MgH,, NaAlH4, and LiBHy. Chen et al. [227] reported that
the reversibility of LisAlHg is achieved in the presence of elemental Ti under 4 MPa of
hydrogen pressure. However, no further studies have confirmed this result [228].
Recently, Hima Kumar et al. [229] claimed that LiAlH4 doped with both VCl; and
CNFs shows rehydriding capacity up to 3.9 wt% under 2 MPa of hydrogen pressure at
the temperature of 110 °C for 6 h, but there has been no evidence that supports their
claims. More recently, Rafi-ud-din et al. [230] found that TiC:LiH:Al residues exhibit
rehydrogenation in the temperature range of 165-190 °C, and under a pressure of 9.5
MPa. The maximum rehydriding capacity is 1.9 wt% for 5 mol% TiC-doped LiAlH4,
and in the XRD pattern, some new additional peaks of LizAlHe appeared after
rehydrogenation, indicating that the second step reaction is partially reversible. The

same authors also studied the effects of Nb,Os and Cr,O3; nanoparticles on hydrogen
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sorption improvement of LiAlH4 and found that the maximum rehydrogenation capacity
can be restored to up to 1.9 wt% by doping with Cr,Os and rehydrogenation at 175 °C
under 9.5 MPa [231]. In summary, the above studies have shown that LiAlHs may be

partly reversible if a suitable catalyst or dopant is introduced.

2.7.8.4 The possible strategies to improve sorption properties of LiAlH,4

Despite huge investigations into the effects of catalyst on the hydrogen storage
properties of LiAlH4, the state of the catalyst and its role were unclear. For example,
many studies have been carried out on Ti doped LiAlH, to examine the exact role of the
Ti catalyst. Although several Ti-containing species such as Ti-Al alloy [218,224,232],T1
cations [221,227] and Ti hydrides [232] are proposed as the active species, none of
them has been conclusively confirmed. Besides transition metal-based catalyst, it has
also been validated that F plays an important role in enhancing the dehydrogenation
properties of alanate [224,232,233]. Singh et al. [233] reported that NaF formed in-situ
can work as a source of nucleation centers for the formation of NaH due to their
identical crystallographic structure and comparable lattice parameter furthermore
promotes nucleation and growth of NaH upon dehydrogenation, and therefore
accelerates the decomposition of NaAlH4. In addition, it has also been reported that the
Al-H bonds in [AlH4] and [AlH¢] group are weakened by substitution of F~ anion for H,
resulting in decreased stability of the Al-H group [234-236]. So, it becomes interesting
to investigate the new transition metal and fluorine combined system and identifying the
nature of the active transition metal species and F~ anions when studying LiAlH,4 as a
possible on-board hydrogen storage material.

Recently, it was demonstrated that the catalytic effects of transition metals such

as Fe, Co, Ni, and Ti/Zr combined with porous materials such as carbon nanotubes
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(CNTs) as mixed dopants lead to significant acceleration of hydrogen dissociation and
diffusion, furthermore improves the hydrogenation kinetics of MgH, and NaAlH,. For
example, Wu et al. [237] showed that their SWCNT composite (containing 40 wt%
Fe/Co/Ni particles) had a higher catalytic effect than pure SWCNTSs. Babak Shalchi et
al. [238] examined the influence of SWCNT — metallic nanoparticle mixtures on the
desorption properties of milled MgH, powders. They found that the optimum desorption
properties are achieved when the SWCNTs are well dispersed, contain defects, and are
in contact with the metallic nanoparticles. Dehouche et al. [239] reported that SWCNTSs
showed the best catalytic effect relative to graphite and activated carbon towards
improving the hydrogen absorption and desorption properties of Ti/Zr-doped NaAlH4
hydride. They showed that by creating new hydrogen transition sites, the structure of the
carbon in the composites plays an important role in improving the hydrogen absorption
and the release rate. This indicates that the synergistic interaction among metals and
carbon nanotubes may be an effective strategy to significantly lower the operating
temperature and to increase hydrogenation kinetics. It is therefore desirable to further
explore and develop the synergistic effects of CNTs with other metallic catalysts on
hydrogenation properties of LiAlHj.

Another possible way to improve the hydrogen storage properties of LiAlHy is
combining with small amounts of nanosized catalytic dopant. The refinement of the
microstructure (particles and crystallites/grains) of hydrides, most preferably to the
nanometric level, accompanied by nanosized catalytic additives may offer several
advantages for the physicochemical reactions, such as surface interactions, adsorption in
addition to bulk absorption, rapid kinetics, low-temperature sorption, hydrogen atom
dissociation, and molecular diffusion via the surface catalyst [231]. Recently, it has

been demonstrated that nanosized TiC, TiN, Nb,Os, and Cr,O3 can greatly enhance the
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hydrogen desorption/absorption kinetics of LiAlH4 [230,231,240]. For example, it has
been reported that nano TiC particles act as surface catalyst and remain stable during the
milling process as well as the dehydrogenation process. It is believed that the addition
of hard and brittle nano TIC to LiAlH, increases the surface defects and grain
boundaries by reducing the particles sizes, creating larger surfaces area for hydrogen to
interact, thereby improves the hydrogen storage properties of LiAlH4 [230]. Therefore,
motivated by the strategy above, it is worth studying the influence of other additives in

the form of nanoparticles on the hydrogen storage properties of LiAlHj.

2.7.9 Other complex hydride

In 2002, Chen et al. [241] reported a new reversible hydrogen storage system of
Li-N-H: an imide (Li,NH), an amide (LiNH,), and a nitride hydride (Li;NH). The imide
can be synthesized from following reaction:
2LiNH; — Li;NH + NH3 (2.26)
2LiH + NH; — Li,NH + 2H, (2.27)
Meanwhile, Titherley [242] reported that the amide can be prepared by exothermic
reaction between lithium metal and ammonia as following reaction:
2Li +2NH; — 2LiNH; + H, (2.28)
The reversible reactions of LisN with hydrogen have been firstly reported by Chen et al.
[241], as follow

LiNH, + 2LiH © Li,NH + LiH + H, © Li;N + 2H, (2.29)

Most of research effort has been focused on LiNH, + LiH (1:1 M ratio) as a reversible
hydrogen storage process, which can provide reversible hydrogen capacity higher than
6.5 wt% with a relatively low standard enthalpy change (AH ~ 45 kJ-mol'H,)

[241,243]. Previous research shows that hydrogen releases from the mixture of LiNH;
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and LiH in the temperature range of 200 — 450 °C [244]. In order to improve the
hydrogen storage properties of LiNH, + LiH system, many approaches have been
carried out such as by using a ball milling and addition of catalyst. Recently, Ichikawa
et al. found that an addition of 1 mol% of TiCls or nanosized Ti to the mixture can
lower the hydrogen release temperature to a narrow range of 150 — 250 °C and improve
the hydrogen desorption kinetics [243]. Isobe et al. [245] confirmed the result of TiCls
doping and also found that Ti and TiO, were effective for reducing the desorption
temperature.

More recently, Leng et al. [246] studied the effect of MgCl, on LiNH, + LiH
system and found that the hydrogen desorption properties of Li-N-H system can be
significantly improved by the addition of MgCl,. Three different mechanisms are
proposed to explain the effects of MgCl, with different amount in the improvement of
Li-N-H system. With small amount (<4 mol%), MgCl, can improve the H-desorption
properties of Li-N-H system as an NH3 sorbent. When the amount of MgCl, increases,
the H-desorption properties of Li-N-H system can be improved further though Mg*"
solid solution into LiNH,. With the amount of MgCl, more than 25 mol%, the Li-N-H
system changes into Li-Mg-N-H system by the reaction between MgCl, and LiNH,.

Although lithium imide and amide are regarded as one of the most promising
hydrogen storage materials, the reaction mechanism needs to be clearly understood and
the problem due to their tendency to be hygroscopic and even pyrophoric as a result of

their sensitivity to air and water need to be overcome.

2.8 Chemical hydride
Similar to complex hydrides, these compounds can contain large quantities of

hydrogen by mass and volume. They can appear in either solid or liquid form, and can
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be heated directly, passed through a catalyst-containing reactor, or combined with water
(i.e. hydrolysis) or other reactants to produce hydrogen [62]. Many materials with high
volumetric and/or gravimetric hydrogen densities have been studied over the last few
years such as thermal decomposition of ammonia borane (NH3;BH3) [247], hydrolysis of
sodium borohydride (NaBH4) [248], and off-board reversible liquid organic carriers
(e.g. N-ethyl carbazole) [249], in which ammonia borane (AB) is leading candidate. AB
first synthesized in 1955, is a plastic crystalline solid adopting a tetragonal crystal
structure with space group /4mm and lattice parameters of a =b = 5.240 A and ¢ =
5.028 A at room temperature [250]. AB is also regard as a promising material for
hydrogen storage due to its high theoretical hydrogen capacity of 19.6 wt%, moderate
thermal stability, and satisfactory air stability [247,251]. AB can release hydrogen via
catalyzed hydrolysis in an aqueous solution [252,253], catalysed dehydrocoupling under
non-aqueous conditions [254,255] or thermolysis at elevated temperatures [256,257].
However, its practical application is greatly restricted by the sluggish decomposition
kinetics at 100 °C and the concurrent release of volatile byproducts (e.g., borazine) that
are detrimental for fuel cell operation [247,256].

More recently, various approaches to lower the decomposition temperature of
ammonia borane through the use of nanoscaffolds, iridium or base metal catalyst,
carbon cryogel and ionic liquids [254,255,258]. One approach that has been applied in
the manipulation of the thermodynamic property of compounds such as through
chemical alteration to modify ammonia borane, that is, through substituting one H in the
NH; group in BH3NH;3; with a more electron-donating element [259]. By reacting alkali
or alkaline earth metal hydride with AB, i.e.,

l’lNH3BH3 + MHn — M(NHQBH3)H + Ile (230)
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so, amidoborane, M(NH;BHj3)n, where M is an alkali or alkaline earth metal can be
prepared. For example, Xiong et al. [259] were successfully synthesized lithium
amidoborane (LiNH;BHj3) and sodium amidoborane (NaNH,;BH3) through ball milling
AB with either LiH or NaH, in which more than 10 wt% and 7 wt% of hydrogen
desorbs from LiNH,BH; and NaNH,BHj3, respectively, at around 90 °C.

Although the AB offer some advantages for high capacity hydrogen storage and
low desorption temperature, but AB suffer from unfavorable thermodynamics, that is, a
strong exothermic dehydrogenation reaction, which is theoretically unfeasible for direct

rehydrogenation.

Summarizing the literature on solid state materials as potential candidate
hydrogen storage materials, MgH, and LiAlH4 remains promising candidates due to the
superior reversibility of MgH,, and the high gravimetric and volumetric hydrogen
density and the low decomposition temperature of LiAlH4. However, to realize both of
MgH, and LiAlH4 as energy storage materials for the future, the drawbacks of these
materials must be overcome first. As reviewed above, metal halides and carbon
nanotubes, are proven to be effective in catalyzing hydrogen releasing process. But
some metal halides have never been trialed on the LiAlH4 or MgH,. The importance of
trialing these catalysts in LiAlH4 or MgH, lies not only in the achievement of better
dehydrogenation or reversibility performance, but also in a better understanding of the
mechanism of their catalytic effect in LiAlH4 and MgH, in comparison with existing
reports in other metal hydrides. Therefore, in this thesis, NbFs, transition metal
chlorides (HfCl4 and FeCls), SWCNTs-metal catalyst, and TiO, nanopowders have been
used as catalyst to examine the promotion of the dehydrogenation kinetics of LiAlH,4

and MgH,.
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Besides the study of catalytic effects in LiAIH4 and MgH,, the destabilization
concept opens another attractive way of improving the dehydrogenation performance of
the two metal hydrides, while not sacrificing the overall gravimetric capacity of
hydrogen release. This also provides further information of dehydrogenation processes
of MgH, and LiAlH4 and their modification. Considering the need of reversibility,
destabilizing system of MgH, and NaAlHy4, a reversible complex compound is also

studied in this Thesis.
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3.0 Materials

Chapter 3

Experimental details

All the materials used and relevant information are listed in Table 3.1.

Table 3.1 Description of metals, chemicals, and gases used.

Molecular

Name formula Purity Manufacturer

Magnesium Hydride MgH, 99.7 % Sigma-Aldrich

Lithi“gy‘c?rli‘gmum LiAlH, >95 % Sigma-Aldrich

Sodiu;lnygrliliirélinum NaAlH4 93 % Sigma-Aldrich

Niobium (V) Fluoride NbFs >98 % Sigma-Aldrich
Single walled carbon 50-70 wt.% carbon basis- : .

nanotube SWCNT contialns r.es.ldual gatalyst Sigma-Aldrich

impurities (N1,Y)

Nickel Ni 99.9 % Sigma-Aldrich
Niobium Nb 99.9 % Sigma-Aldrich
Yttrium Y 99.9 % Sigma-Aldrich

Titanium (II) Oxide Ti0, 99.7 % Sigma-Aldrich
Tit;?&‘;‘r?dgn) TiF, 98 % Sigma-Aldrich
Nickel (IT) Fluoride NiF, 99.9 % Sigma-Aldrich
Chrﬁ?;;;lirge(n) CrF, 97 % Sigma-Aldrich
Yttrium (IIT) Fluoride YF; 99.99 % Sigma-Aldrich
Chg)ﬁit‘;ﬁgﬁlm Tiglléll/f( 98 % Sigma-Aldrich
chloride ’
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Hafnium (IV) 0 . .
Chloride HfCl, 98 % Sigma-Aldrich
Iron (IIT) Chloride FeCl; 97 % Sigma-Aldrich
Magnesium (II) o . .
Chloride MgCl, 98 % Sigma-Aldrich
Lanthanum (III) 0
Chloride LaCl; 99.9 % Alfa Aesar
Cerium (III) Chloride CeCls 99.5 % Alfa Aesar
Neodymium (IIT) o
Chloride NdCl, 99.9 % Alfa Aesar
Hafnium Hf 99.6 % Alfa Aesar
Iron Fe 99+ % Alfa Aesar
Argon Ar >99.5 % BOC
Hydrogen H, >99.99 % BOC

3.1 Materials synthesis

3.1.1 Ball Milling

A planetary ball milling (QM-3SP2) was used to prepare all the samples in this
work. The QM-3SP2 mill has four ball grinding tanks installed on one turn-plate, as
shown in Fig. 3.1(a). When the turn-plate rotates, the tank axis makes planetary
movements and the balls in the tanks grind and mix samples in high speed motion. The
schematic diagram of the planetary ball milling is shown in Fig. 3.1(b). The acceleration

of milling balls during ball milling, g, is expressed by Eq. 3.1 [260].

g= (r ALY, ](MRJ 3.1)

7 60

rev

where 7y, is the revolution radius of milling pots and 7}, is the radius of milling pots. Ryey

is the revolution speed of milling pots and Ry, is the ratio of rotation speed to revolution
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speed of milling pots. The kinetic energy of a moving ball at collision to the surface of a

milling pot, E, can be estimated using Eq. 3.2.

. m(gtﬁ 3.2)

where m is ball mass and ¢ is time between removal of a ball from the surface of a

milling pot and collision to the surface.

(a) (b)
Fig. 3.1. (a) QM-3SP2 planetary ball mill. (b) Schematic diagram of the planetary ball

mill [260].

3.1.2 Preparation of the samples

A sealed stainless steel vial together with hardened stainless steel balls with 9
mm diameter was used for the milling purposes. The ratio of the weight of balls to the
weight of powder of all samples in this work was 30:1. Handling of all the samples in
this work was conducted in an MBraun Unilab glove box filled with high-purity Ar
atmosphere.

In Chapter 4, LiAlH4-NbFs composite was ball milled for 4 h, by first milling
for 1 h, resting for 6 min, and then milling for another 1 h in opposite direction at the
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rate of 400 rpm. 400 mg of LiAlHs; was mixed with different amounts of NbFs. In
Chapter 5, 400 mg of LiAlH4 was mixed with 5 wt% SWCNT-metal catalyst. LiAlHy4
was also mixed with Ni and Y to clarify the influence of the residual catalyst included
in the SWCNTs. Ball milling was performed for 1 h, by first milling for 0.5 h, resting
for 6 min, and then milling for another 0.5 h in a different direction at the rate of 400
rpm (This resting condition was applied for all sample preparation in Chapter 5, 6, 7,
and 8). Composites of LiAlH4 + 5 wt% TiO; nanopowder (Chapter 6) and of MgH, + 10
wt.% FeCls, HfCly (Chapter 7) were also milled for 1 h.

In Chapter 8, approximately 2 g of a mixture of MgH, and NaAIH4 with a molar
ratio of 4:1 was ball milled for 1 h. Pure MgH, and NaAlH, were also prepared under
the same conditions for comparison purposes. In Chapter 9, MgH, and LiAlH4 powders
in the mole ratio of 4:1 were ball milled for 18 min at the rate of 400 rpm. 5 wt% TiF3,
NbFs, NiF,, CrF,, YF;, TiCly-1/3AICl;, HfCl;, LaCl;, CeCls, and NdCl; were
respectively mixed with MgH,-LiAlH4 under the same conditions to investigate their
catalytic effects. Pure MgH, and LiAlH4 were also prepared under the same conditions

for comparison purposes.

3.2 Microstructure characterization
3.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive analytical method which can yield
the unique fingerprint of Bragg reflections associated with a crystal structure. The
nature of the powders, whether crystalline or amorphous, can be determined using
XRD. A crystalline powder is a material that has an internal structure in which the
atoms are arranged in an orderly three-dimensional configuration. An amorphous

powder is a non-crystalline material that has no definite order or crystallinity. X-rays
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with a similar wavelength to the distances between planes of the crystal structure can be
reflected such that the angle of reflection is equal to the angle of incidence. This is
called ‘diffraction’ and can be described by Bragg’s law:

2d sin 6 =nA (3.3)
where d is the interplanar spacing, 0 the Bragg angle, n is the order of reflection, and A
is the X-ray wavelength. When Bragg’s law is satisfied, constructive interference of
diffracted X-ray beams occurs, and a ‘Bragg reflection’ will be detected by a detector
scanning at this angle. The position of these reflections is related to the inter-layer
spacings of atoms in the crystal structure.

In this work, the phase structures of the samples were determined with a GBC X-ray
diffractometer using Cu Ko radiation and a graphite monochromator. Before
measurement, a small amount of sample was spread uniformly on the sample holder in
an Ar-filled glove box and wrapped with plastic wrap to prevent oxidation. For the
LiAIH4-NbFs (Chapter 4), LiAIHs~-SWCNT metal catalyst composite (Chapter 5), and
LiAIH4-TiO; nanopowder (Chapter 6) samples, 0-20 scans were carried out over
diffraction angles from 20° to 80° with a speed of 2.00°min™". The X-ray intensity was
measured over diffraction angles from 25° to 80° for the MgH,-HfCl4, FeCls system
(Chapter 7), MgH>-NaAlH, system (Chapter 8) and MgH,-LiAlHs-metal halide system

(Chapter 9).

3.2.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) is the preferred method for identifying types
of chemical bonds in a molecule by producing an infrared (IR) absorption spectrum that
is like a molecular fingerprint. In FTIR spectroscopy, IR radiation is passed through a

sample. Some of the infrared radiation is absorbed by the sample and some of it is
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passed through (transmitted). The resulting spectrum represents the molecular
absorption and transmission, which is characteristic of the chemical bonds in the
sample. By interpreting the infrared absorption, the chemical bonds in the molecule can
be determined. There are two common forms of sample preparation for FTIR
measurements. First, the powder is placed directly onto the ATR crystal. An ATR
operates by measuring the changes that occur in a totally internally reflected infrared
beam when the beam comes into contact with a sample. Secondly, the fine powder is
mixed with potassium bromide (KBr).

Here, Fourier transformation infrared (FTIR) spectroscopy analyses were carried
out using a Shimadzu IRPrestige-21 model. The vibration spectra of the LiAIH4-NbFs
system (Chapter 4), LiAIHs~-SWCNTs-metal catalyst system (Chapter 5), and MgH,-
HfCly, FeCls (Chapter 7) samples were analysed with a KBr beamsplitter. Samples were
mixed uniformly with potassium bromide (KBr) powder in an agate mortar and pestle in
glove box. KBr background spectra were recorded before analysis of the samples. 40
scans were carried out between 400 and 1600 cm™ with a spectral resolution of 4 cm™.
For the LiAlH4-TiO, sample (Chapter 6), samples were analysed in attenuated total
reflectance mode (ATR) using the Pike MIRacle accessory equipped with a Ge crystal
(Pike Technology). 40 scans were carried out between 800 and 2000 cm™ with a
spectral resolution of 4 cm™. The sample was placed in a sealed container in order to
prevent oxidation during transportation from the glove box to the FTIR apparatus and

measured quickly to reduce oxidation during measurement.

3.2.3 Field Emission Scanning Electron Microscope
A scanning electron microscope (SEM) is a type of electron microscope that

captures images of a sample by scanning it with a high-energy beam of electron. The
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electrons interact with the atoms that make up the sample, producing signals that
contain information about the sample's surface morphology, composition, etc. The types
of signals produced by an SEM include secondary electrons, back-scattered electrons
(BSE), characteristic X-rays, light, the specimen current, and transmitted electrons. The
signals result from interactions of the electron beam with atoms at or near the surface of
the sample. High magnification images could be obtained using a field-emission
scanning electron microscope (FESEM).

In this work, the morphology of the samples was investigated using a JEOL JSM
6460A scanning electron microscope (SEM) with an energy dispersive X-ray
spectroscopy (EDS) detector with X-ray mapping capability. The sample was mounted
onto copper tape for observation inside an Ar glove box and then placed in a sealed
container in order to reduce oxidation during transportation from the glove box to the

FESEM apparatus.

3.2.4 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the
frequency of photons in monochromatic light changes upon interaction with a sample.
Photons of the laser light are absorbed by the sample and then reemitted. The frequency
of the reemitted photons is shifted up or down in comparison with the original
monochromatic frequency, which is called the Raman effect. This shift provides
information about vibrational, rotational, and other low frequency transitions in
molecules. Typically, a Raman system consists of four components, including the
excitation source (laser), the sample illumination system and light collection optics, the

wavelength selector filter (filter or spectrophotometer), and detector (photodiode array,
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charge-coupled device (CCD) or photomultiplier tube (PMT)). A sample is normally
illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared
(NIR) range. Scattered light is collected with a lens and delivered through an
interference filter to obtain the Raman spectrum of a sample.

In this doctoral work, Raman spectroscopy was carried out to investigate the
defect sites in the crystal structure of the TiO, (Chapter 6) surface using a JOBIN
YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a 300
lines/mm grating at room temperature. The sample was mounted onto glass inside an Ar
glove box and then placed in a sealed container in order to reduce oxidation during

transportation from the glove box to the Raman apparatus.

3.2.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic
technique that measures the elemental composition, empirical formula, chemical state
and electronic state of the elements that exist within a material. XPS spectra are
obtained by irradiating a material with a beam of X-rays while simultaneously
measuring the kinetic energy and number of electrons that escape from the top 1 to 10
nm of the material being analyzed. XPS requires ultra high vacuum (UHV) conditions.
XPS is a surface sensitive technique, providing elemental and chemical state
information from the top 50A of a material, and capable of depth composition
information using simultaneous Ar ion beam etching.

In this work, X-ray photoelectron spectroscopy (XPS) was conducted using a
SPECS PHOIBOS 100 Analyzer installed in a high-vacuum chamber with the base
pressure below 10® mbar; X-ray excitation was provided by Al Ko radiation with

photon energy hv = 1486.6 eV at the high voltage of 12 kV and power of 120 W. The
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XPS binding energy spectra were collected at the pass energy of 20 eV in the fixed
analyser transmission mode, and the XPS spectra of the doped samples were collected
after bombardment of the sample using an Ar ion source with ion energy of 5 keV.
Samples were prepared inside an Ar glove box, by dusting powders onto an adhesive
carbon tape. The samples were then placed in a sealed container in order to reduce
oxidation during transportation from the glove box to the XPS apparatus. Analysis of
the XPS data was carried out using the commercial CasaXPS2.3.15 software package.

The background was corrected using the linear approximation.

3.3 Hydrogen storage property measurements
3.3.1 Mass Spectroscopy

The gas released during dehydrogenation was analysed by a mass spectrometer.
The set-up includes a vacuum chamber equipped with the mass spectrometer (QUAD, J.
Lesker) and a separate sample chamber connected to the vacuum chamber through
valves and Swagelok connections. The system was evacuated to the 107 Torr level
before the thermal desorption process. In the experiments, we scanned a range of
masses from 1 to 60 amu. About 20-50 mg of sample was loaded into the sample
chamber. The sample (Chapter 4) was heated in vacuum from room temperature to 200

°C, and the heating rate was 5 °C-min™".

3.3.2 Thermogravimetric Analysis / Differential Scanning Calorimetry
Thermogravimetric analysis (TGA) is a type of thermal analysis technique

which measures the amount and rate of change in the mass of a sample as a function of

temperature or time in a controlled atmosphere. Differential scanning calorimetry

(DSC) is another type of thermoanalytical technique in which the difference in the
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amount of heat required to increase the temperature of a sample is recorded. DSC can be
used to determine the thermodynamics properties data such as on entropy and enthalpy.
The thermodynamics properties data were analysed by STARe software.

In this work, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analysis of the dehydrogenation process were carried out on a
Mettler Toledo TGA/DSC 1, with temperature range from room temperature to 1200 °C
and gas flow between 0 and 200 mL/min, with the capability to switch up to 4 gases
such as air, argon, nitrogen, and oxygen. About 2-6 mg of sample was loaded into an
alumina crucible in the glove box. The crucible was then placed in a sealed glass bottle
in order to prevent oxidation during transportation from the glove box to the TGA/DSC

apparatus. An empty alumina crucible was used as the reference material.

3.3.3 Hydrogen Content

The experiments for temperature-programmed desorption (TPD) and de/re-
hydrogenation of all samples were evaluated by Sievert’s method using an Advanced
Materials Corporation (AMC) Gas Reaction Controller (GRC) apparatus. A schematic
diagram of a typical Sieverts-type apparatus is shown in Fig. 3.2.

About 100 mg sample was loaded into a sample vessel in the glove box and then
placed in channel 1 (chlhld) (Fig. 3.2) in a sample holder with dimensions of 9.3 mm
dia. x 25 mm x 1.7 cm. The instrument is connected to a computer and controlled by
software (GrcLV) for total automation of the experiments in a reliable manner. For the
TPD experiment, all the samples were heated under a controlled vacuum of 0.1 atm.
The heating rate was 5 °C-min”', and samples were heated from room temperature to the

desired temperature. The re/dehydrogenation kinetics measurements were performed at
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the desired temperature with initial pressures of 3.0 — 7.0 MPa and 0.1 MPa,

respectively.
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e TXI1 and TX2 are the part of the sample volume where transition to the
sample temperature to room temperature occurs.

e VO0-VI1 are the valve.

e chl and ch2 are channel 1 and channel 2.

e chlhld and ch2hld are channel holder 1 and channel holder 2.

Fig. 3.2. A schematic of the chamber in the GRC unit [261].

Calculation of Hydrogen disorbed/absorbed
Fig. 3.3 shows the pathway for operation of the GRC system. The GRC first
admits an appropriate amount of gas to the reservoir and determines its molar amount

Ny from its pressure and temperature. The system then manipulates the valves between
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the reservoir (V1 or V2 in the Fig. 3.2) and the reaction chamber (chlhld or ch2hld in
the Fig. 3.2), and transfers a desired amount of the gas from the reservoir to the reaction
chamber. After the gas-solid reaction is complete, the system calculates the total molar
amount of gas, Ny, in the sample chamber and in the reservoir. The molar amount of gas
absorbed by the solid by the reaction, N, is given by

Ns= Ny - Ng (3.4)
Here, we assumed that the initial amount of gas atoms in the solid is zero. When this is
not case, Equation 3.4 needs to be modified to

Ny = Ny + (No - Ny) (3.5)
where Ny is the initial molar amount of gas in the solid. The control program GrcLV
initially assumes Ny = 0 but keeps track of the value of Ny in subsequent steps, such as

a desorption run and re-runs at different temperatures.

Desorption ————y
Sample

Gas < Chamber
. e
Reservoilr N

A C—B——Sumple

Vacuum Absorption

Fig. 3.3. Pathway for operation of the GRC system [261].

Since the molar amount of the gas is essentially given by the ideal gas law,

_[ AV
N—(RTJ (3.6)
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the accuracy of the system is limited by the accuracy of the pressure and the

temperature measurements.

GrcLV reports the reacted amount of gas as an absolute value in ccstp as well as a

weight percent of the sample. The absolute value in ccstp, v, is proportional to N by
v=22413.6x N; (3.7

The mass of the gas relative to the mass of the sample (weight percent, wt) is given by

M
wt = NsM (3.8)
mx100

where m is the mass of the sample and Mg is the molar mass of the gas (e. g., 1.0079 x 2
for hydrogen). If the molar mass is known for the sample, the formula ratio of the gas

atoms to the host, x, can also be calculated as follows for diatomic molecules:

‘e 2N =ZM wt (3.9)
m/M ) M. 100
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Chapter 4

Effects of NbFs addition on the hydrogen storage
properties of LiAlH,

4.0 Introduction

As described in Section 2.7.8, LiAlH4 recently has emerged as an attractive
complex hydride for hydrogen storage due to its high hydrogen storage capacity (10.6
wt%) and low decomposition temperature. However, slow desorption kinetics and
reversibility constrain the practical application of LiAlH,.

It is well known that the catalysing agent can be uniformly distributed on the
hydride surface or grain boundaries when the metal hydride is ball milled with catalyst,
which is believed to facilitate the dissociation/recombination of hydrogen on the
hydride surface and therefore catalyse H-sorption in the hydride as discussed in Chapter
2. During the past decade, many studies have been done to improve the hydrogenation
behaviors of LiAlH4 through using various catalysts, which includes metal, alloys,
transition metal-based, carbon [221,223,226,262-264]. However, the catalytic
mechanisms for these catalytic enhancements are still not clear.

Previous studies have shown that NbFs acts as an effective catalyst when a small
amount is added into magnesium hydride [265,266], and borohydrides [267,268]. It was
shown that Nb-based catalysts may possess pronounced catalytic activity towards the
activation of Mg-H and B-H bonds and towards the dissociative chemisorption of
hydrogen molecules. In addition, it has also been reported that the Al-H bonds in [AlH4]
and [AlH¢] group are weakened by substitution of F~ anion for H', resulting in decreased

stability of the Al-H group [234-236].
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In this chapter, the effect of NbFs addition on dehydrogenation and
hydrogenation process of LiAlH4 and the underlying mechanism are investigated. The

experimental design and sample preparation details have been described in Chapter 3.

4.1 Structural characterization results
4.1.1 X-ray diffraction

Fig. 4.1 shows XRD spectra for the as-received LiAlHy4, the as-milled LiAlHy4,
and the LiAlH4 doped with 0.5, 1, 2, and 5 mol% NbFs. For the as-received LiAlH4,
except for the plastic wrap peak, the spectra show that LiAlH4 crystallizes in the
monoclinic space group P21/c, which in good agreement with the crystal structure of
LiAlIH4 reported by Andreasen [269] and Hauback et al. [216]. The 4-h ball-milled
LiAlIH4 showed slightly weaker XRD peak intensity compared to the as-received
sample, and no additional peaks were observed, indicating the rather high stability of
lithium aluminium hydride during mechanochemical treatment. Balema et al. [219]
reported that after ball milling for 35 h, their LiAlH4 sample showed only weak
additional peaks of microcrystalline aluminium, confirming the rather high stability of
LiAlH4. The weak additional peaks of microcrystalline aluminium and LizAlHg start to
appear after doping with NbFs. A higher doping level leads to further increases in the
aluminium content in the hydride powder. This result implies that doping with NbFs
induced the decomposition of LiAlHy4 that occurred during ball milling. Furthermore,

NbFs-containing phases were not observed in any of the diffraction patterns.
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Fig. 4.1. X-ray diffraction spectra for (a) as-received LiAlHy4, (b) as-milled LiAlH4, and

LiAIH4 doped with (c) 0.5 mol%, (d) 1 mol%, (e) 2 mol%, and (f) 5 mol% NbFs.

4.1.2 Fourier transformation infrared (FTIR) spectroscopy
To further understand the role played by NbFs, the structural changes in the LiAlH4 and
LiAlH4 + 5 mol% NbFs samples were investigated by means of FTIR measurements.
The FTIR spectra for the pure and the NbFs- doped sample are compared in Fig. 4.2.
For the pure LiAlHy, all the four bands of LiAlH4 occur. Active infrared vibrations of
the Al-H bonds of LiAlH4 are found in two regions : two Al-H stretching modes
between 1600 and 1800 cm™ and two Li—Al-H bending modes between 800 and 900
' [270]. After doped with NbFs, apart from the bands of LiAlH,, the bands
belonging to LisAlH, can be clearly seen (peak at 1425.30 cm™ can be ascribed to the
Al-H stretching mode of LizAlHg [224]). This results is in accordance with the XRD
result in which the peak of LisAlHg appears after doping with NbFs, indicating that

LiAlH, start to decompose during ball milling process with the presence of NbFs.
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Besides that, after doping with NbFs, the host bands of LiAlH,4 are reduced in intensity.
The observed reduction in the stretching and bending bands is indicative of the

weakening of Al-H bonds in the LiAlH4 lattice.
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Fig. 4.2. FTIR spectra of pure LiAlH4 and LiAlH4 + 5 mol% NbFs.

4.2 Thermal Analysis
4.2.1 Temperature — Programmed — Desorption (TPD)

Fig. 4.3 exhibits the TPD curve of the as-received LiAlHy, the as-milled LiAlH4,
and the LiAlH4 doped with 0.5 mol%, 1 mol%, 2 mol%, and 5 mol% NbFs. From the
desorption curves, it is clear that the effect of NbFs on LiAlH4 was not only to decrease
the onset desorption temperature for the first stage, but also for the second stage.
Raising the dopant percentage from 0.5 mol% to 5 mol% resulted in a decrease of the
onset desorption temperature. Both stages showed a decrease in the hydrogen released
by the doped samples compared to the undoped LiAlH4. Increasing the addition from
0.5 mol% to 5 mol% resulted in an increase in the hydrogen release rate. In this figure,
one finds also that the ball-milled LiAlH; hardly changes its decomposition

performance (steps and amount of hydrogen released) from that of the as-received
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LiAlHy, although its onset desorption temperature is slightly decreased (by around 5 °C)

compared to the as-received material because of the activation.

—=— as-received LiAIH,
_5 | as-milled LIAIH,
- —a— LiAIH, + 0.5 mol% NbF,
"6 v LiAH, + 1 mol% NbF,
7L« LiAH, + 2 mol% NbF,
> LiAIH, + 5 mol% NbF,
1 i 1 i 1 1 i
50 100 150 200 250
Temperature (°C)

Hydrogen released (wt.%)
A

Fig. 4.3. TPD curves of the as-received LiAlH4, as-milled LiAlH4, and LiAlH4 doped

with 0.5 mol%, 1 mol%, 2 mol%, and 5 mol% NbFs.

As-milled LiAlHy starts to release hydrogen at 142 °C for the first stage and desorbs
about 4.85 wt% hydrogen. In the second stage, it starts to decompose at 173 °C, and
about 2.62 wt% hydrogen is released. The total amount of hydrogen released from the
as-milled LiAlH4 was about 7.47 wt%. Addition of NbFs markedly improved the onset
desorption temperature for LiAlHy4. All the samples doped with NbFs start to decompose
below 100 °C in the first stage. Addition with 0.5 mol% and 1 mol% NbFs caused
decreases in the desorption onset of about 47 °C and 49 °C, respectively, in the first
stage and about 27 °C and 29 °C in the second stage. The sample with 0.5 mol% NbFs
started to decompose at about 95 °C and finished at 146 °C for the first stage, while the
sample doped with 1 mol% started to decompose at 93 °C and finished at 144 °C. The

amount of hydrogen released was 4.45 and 2.65 wt% in the first and second stage,

96



Chapter 4

respectively, for the sample doped with 0.5 mol% NbFs, and 4.45 and 2.52 wt%,
respectively, for the sample doped with 1 mol% NbFs. Further addition, up to 5 mol%
NbFs decreases the onset desorption temperature to about half of that of the undoped
LiAlHy in the first stage. However, the amount of hydrogen released drops sharply and
amounts to 2.42 wt% and 2.03 wt% in the first and second stage, respectively. We
assume the reduction of hydrogen capacity in the 5 mol% added samples is due to the
excessive catalytic effect brought by the relatively high NbFs addition level. Since the
ball milling process unavoidably introduces gradual temperature increase in the ball
milling jar and instant high temperature at the impact points between milling balls, it is
reasonable to assume that a substantial amount of hydrogen was released in the heavily
catalysed LiAlH4 powders during the ball milling process. For lower NbFs addition
levels, the decomposition is insignificant, due to the moderate exposure of LiAlH, to the

catalyst in these samples.

4.2.2 Differential scanning calorimetry (DSC)

Fig. 4.4 illustrates the DSC results of the as-received LiAlH4, the as-milled LiAlH4
and the LiAlH4 + 1 mol% NbDFs. It is clear that for the as-received LiAlHy, there are two
peaks corresponding to exothermic processes and two peaks corresponding to
endothermic processes. The first exothermic peak at 160 °C can be assigned to the
interaction of LiAlH4 with surface hydroxyl impurities, and the first endothermic peak
at 177 °C corresponds to the melting of LiAlH4 [271]. The second exothermic peak at
220 °C corresponds to the decomposition of liquid LiAlH4 (first reaction stage), and the
second endothermic peak at 266 °C is assigned to the decomposition of LizAlH¢ (second

reaction stage). This result is in accordance with that reported by Andreasen [269].
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Fig. 4.4. DSC traces of as-received LiAlH4, as-milled LiAlH4, and LiAIH4 + 1 mol%

NbFs.

For LiAlH4 + 1 mol% NbFs, the number of thermal events is reduced from four to only
two. These two thermal events occurred firstly at 114 °C — 160 °C, with an exothermic
peak at 135 °C, and then at 186 °C — 232 °C, with an endothermic peak at 217 °C. The
exothermic peak at 135°C for LiAlH4 + 1 mol% NbFs corresponds to the decomposition
of LiAlH4. This temperature is reduced by 85 °C compared with that observed for as-
received LiAlH4. The endothermic peak at 217 °C corresponds to the decomposition of
Li3AlHg, and this temperature is reduced by 49 °C compared to the as-received sample.
The first endothermic effects corresponding to the melting of LiAlH, disappear from the
DSC curve of the NbFs-doped material. The disappearance of the melting process is
likely to be due to the fact that the decomposition temperature of the first stage is lower
than the melting temperature of LiAlH4. This result is similar to that for LiAlHs + 3
mol% Al;Ti that was ball milled for 7.5 h, as reported by Balema et al. [218]. From the
DSC results, it can be seen that the onset desorption temperature is quite high compared
to the Sieverts-type PCT result (Fig. 4.3). This difference is because, in the Sieverts-

type PCT measurements, the sample was heated in a 0.1 atm vacuum, but in the DSC
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measurement, the sample was heated under 1 atm argon. Therefore, there is a difference
in terms of the driving force of the desorption process. The considerable difference in
the dehydriding temperature under large and small driving forces indicates that the
diffusion of the hydrogen atoms is the rate limiting process in the dehydriding reaction,

which is in contradiction to what has been reported for the MgNiAIMH system [272].

4.3 Gas Analysis
4.3.1 Mass spectroscopy (MS)

In order to determine the species in the gases released during the thermal
decomposition of NbFs-doped LiAlH4, mass spectroscopy was employed. Fig 4.5 shows

the released gas pressure as a function of the atomic mass units.
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Fig. 4.5. Mass spectroscopy of LiAlH4 + 1 mol% NbFs. The inset shows an enlargement

of the part of the range containing H,O peaks for selected temperatures.

From the peaks, it is clear that hydrogen gas (m/e = 2) was released during thermal

decomposition, which increased from 120 °C to 200 °C and reached a maximum at 180
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°C. This result is in agreement with the thermal desorption performance of LiAlH, + 1
mol% NbFs (Fig. 1). From the mass spectroscopy results, it is apparent that only
hydrogen was released from the sample, and no other gas product, e.g. hydrogen
fluoride (HF, m/e = 20), was detected. The small amount of H,O shown in the mass
spectra (presented in the inset of Fig. 4.5) is from the background atmosphere and does

not increase with rising temperature.

4.4 Dehydrogenation and Rehydrogenation
4.4.1 Isothermal dehydriding kinetics

Fig. 4.6 shows the isothermal dehydriding kinetics measurements at different
temperatures for the LiAlHs + 1 mol% NbFs. For comparison, the as-received LiAlIHy4
decomposed at 125 °C is also included in this figure. As can be seen in Fig. 4.6, the
curves show a two-step decomposition feature. This two-step decomposition

corresponds to the first reaction stage and second reaction stage of LiAlH4, respectively.

Hydrogen released (wt.%)

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 4.6. Isothermal dehydrogenation kinetics of as-received LiAlH4 at 125 °C (a) and
the LiAIH4 + 1 mol% NbFs at (b) 100 °C, (c) 125 °C, (d) 150 °C under vacuum. (I)

refers to first reaction stage and (II) refers to second reaction stage.
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The dehydrogenation rate of the NbFs-doped sample at 100 °C is much faster than that
of the as-received LiAlIH4 sample at 125 °C. The NbFs-doped sample released about 5.4
wt% H, at 125 °C after 50 min dehydrogenation, but the as-received LiAlH4 sample
only released less than 0.5 wt% hydrogen for the same temperature and time. The NbFs-
doped sample shows an average dehydrogenation rate 5-6 times faster than that of the
as-received LiAlH4 sample.The isothermal kinetics depends on the heating temperatures
and can be described by the Arrhenius equation, as discussed in section 2.5.2.1. The
apparent activation energy Ea can be estimated from the slope of the plot of In(k) vs.
1/T, as shown in Fig 4.7. From the calculations, the apparent activation energies, Ea,
obtained are 67 kJ'mol™ for first reaction stage, and 77 kJ-mol™” for second reaction
stage, respectively, which is reduced from the reported value of pure LiAlH4 (80 and

100 kJ-mol™) [217].
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Fig. 4.7. The plot of In(k) vs. 1/T for LiAlH4 +1 mol% NbFs. (I) refers to first reaction

stage and (II) refers to second reaction stage.

4.4.2 Rehydrogenation

Rehydrogenation of all the doped and undoped samples at 170 °C, 70 atm for
2.5 h show no evidential hydrogen absorption in PCT curves. The failure of

rehydrogenation in the two stages of reactions is attributed to the thermodynamics
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properties of LiAlH4. According to Mulana et al. [273], the equilibrium pressure is
estimated to be 1.9 x 10’ atm for the first stage reaction and 430 atm at 24 °C (which is
equivalent to 2.0 x 10" atm and 8.4 x 10 atm respectively at 170 °C) using reported
experimental enthalpy and entropy data. For the second stage reaction, Ke et al. [274]
obtained similar equilibrium pressure of about 3 x 10° atm at 170 °C by ab initio
calculations. In our study, the equilibrium hydrogen pressure for the second-stage
reaction of the NbFs added system is obviously higher than 70 atm at 170 °C, which is

reasonable if we assume NbFs works predominantly as a catalyst.

4.5 Roles of NbF5

In order to eliminate the possibility that the amount of NbFs was too low to
generate any detectable diffraction intensity from the existing states of Nb and F in the
NbFs doped LiAlH4 sample, a large quantity of NbFs (10 mol%) was added to LiAlH4.

Then, the XRD patterns of the as-milled sample were analysed, as shown in Fig. 4.8.
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Fig. 4.8. X-ray diffraction spectra for as-milled LiAlH4 + 10 mol% NbFs.
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As can been seen, the peaks of LiAlH4, Li3AlH¢ and Al/LiH can be identified in the
XRD profile. Besides that, new peaks corresponding to NbH, (x < 1) and LiF also can
be detected. From the result, it can be verified that during the ball milling process, the
NbFs additive reacts with LiAlH4 to yield NbH, and LiF. The reduction of the fluoride
by the alanate has been well studied for both sodium and lithium alanate when these
compounds are ball milled with chlorides [224,234]. It achieves a much higher
dispersion of NbH species on the hydride surface or grain boundaries, which,
subsequently plays an important role to the highly active catalytic effects.

According to the XRD results, it is concluded that a much higher dispersion of
NDbH, active species may form on the hydride surface or grain boundaries during ball
milling, which may facilitate the dissociation of molecular hydrogen and mass transport,
resulting in a dramatic catalytic enhancement of hydrogen release for LiAlH4. On the
other hand, the function of the fluorine anion has also been experimentally
demonstrated to be active when it is doped into LiAlH4 [224,232]. It is also reported
that the Al-H bonds in [AlH4] and [AlHg] groups are weakened by the substitution of F-
anion for H', resulting in the decrease of the stability of the Al-H group [234-236].
Actually, the weakening of Al-H bonds in the LiAlH4 lattice was confirmed by FTIR in
the case of NaAlH4 + 5 mol% NbFs, compared with pristine LiAlH4 sample (Fig. 4.2).

One may argue that the enhancement in dehydrogenation performance for NbFs-
doped LiAlH4 may result from Nb metallic phase, formed either upon milling or
dehydriding, which has been reported to serve as an effective catalyst [275]. So, in order
to verify this speculation, the LiAlH; + 2 mol% Nb was prepared. However, the
dehydrogenation performance was not as marked as that of LiAlH4 + 2 mol% NbFs as

shown in Fig. 4.9. This result confirmed that Nb is not responsible for the improved
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dehydrogenation behaviour of LiAlH4. Therefore, it strengthens our speculation that

NbH, and LiF may play a major role as a catalyst.

[ —=— LiAIH, + 2 mol% NbF,
_5 | ——LiAIH, + 2 mol% Nb

Hydrogen released (wt.%)

50 100 150 200 250

Temperature (°C)

Fig. 4.9. TPD curves of the LiAlH4 + 2 mol% Nb and LiAlH4 + 2 mol% NbFs.

4.6 Conclusion

The effects of the addition of NbFs, in the range of 0.5-5 mol%, on the hydrogen
storage properties of LiAlH, prepared by ball milling have been studied for the first
time. Samples of LiAlH4 doped with 0.5 and 1 mol% NbFs showed improvement in the
onset desorption temperature with little decrease in hydrogen capacity, where
approximately 7.0 wt% was released by 188 °C. The samples doped with 0.5, 1, 2 and 5
mol% NbFs were rehydrogenated at 170 °C under 70 atm hydrogen pressure. No
hydrogen absorption is observed. From the DSC curve, it is clear that doping with NbFs
reduced the number of thermal events for LiAlH4 from four to only two. Furthermore,
the apparent activation energies, E,, obtained are 67 kJ-mol” for first reaction stage,
and 77 kl'mol” for second reaction stage, respectively, which is reduced from the
reported value of pure LiAlH4, providing quantitative evidence for the decrease in the

kinetic barriers during dehydrogenation. It has also been demonstrated that during the
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mechanical milling of LiAlH4 and NbFs, NbH, species form and probably work together
with the function of F™ anion as the active species, resulting in the enhancement of the
dehydrogenation of LiAlH4. It can be concluded that NbFs is a promising additive for
LiAlIH4 that tends to improve its dehydrogenation performance, i.e., it produces a
dramatically reduced dehydrogenation temperature and significantly improved

desorption kinetics.
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Chapter 5

Improved hydrogen desorption in LiAlH, by addition of
SWCNT- metallic catalyst composite

5.0 Introduction

In the previous chapter, the results have shown that the addition of NbFs, a metal
halides, improves the dehydrogenation properties of LiAlH4, in which NbH and LiF
active species is believed play a critical role, weakening of the Al-H bond, which is
believed to facilitate the dissociation of hydrogen on the hydride surface. It is of interest
to further investigate the addition of a different type of addition material and examine
the difference in the way they take effect and therefore gain a deeper understanding of
the modification of dehydrogenation process of LiAlHy.

Carbon, due to its abundant variety of structures especially surface structures, its
low cost and light-weight, is of interest for the relatively new complex hydride LiAlHa.
Carbon nanotubes (CNTs) are allotropes of carbon with cylindrical nanostructures.
Carbon is an electronegative element. Upon incorporating carbon into complex hydride,
the alkali or alkali earth metals tend to partially contribute its electron to the
electronegative carbon, which affects the ability of the alkali or alkali earth metal to
donate their charge to AIH4 or BH4 [276]. This effect is increases with the increase of
carbon curvature and the increase of the carbon curvature leads to a decrease of the
energy to remove hydrogen atoms [277].

The exact mechanism for the hydrogen transfer process involving the carbon
catalyst is still not fully understood. One possibility would involve migration of
hydrogen atoms from the hydride onto the carbon surface, where two hydrogen atoms

combine and desorb as a hydrogen molecule. In this scenario, it is possible that the
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catalytic function can be further enhanced by introducing a hydrogen dissociation and
recombination function onto the carbon, such as a metal nanoparticles [278].

Thus, it becomes interesting to investigate SWCNT - metallic particle
composite as catalyst for the sorption behaviour of LiAlH4. It is expected that the
addition of SWCNTs-metal catalyst weakening the Al-H bond and this effect may be
combined with the catalytic effect of active carbon/nanoparticles, and further improves
the dehydrogenation performance as well as potentially facilitate the rehydrogenation

reaction of LiAlH4.

5.1 Structural Characterization
5.1.1 X-ray diffraction

In the XRD patterns of the samples before dehydrogenation (Fig. 5.1), weak
additional peaks of Al and LizAlH¢ appear in the XRD spectrum of the SWCNT added
LiAlH4 after ball milling. The results demonstrate that addition of SWCNTs induces
decomposition of LiAlH4 during ball milling. The ball-milled LiAlH4 after 1 h ball
milling, showed slightly weaker intensity compared to the as-received sample, and no
additional peaks were observed, confirming the rather high stability of lithium
aluminium hydride during mechano-chemical treatment [218]. Furthermore, no C-
containing or metallic particle (Ni and Y) phase was found in the SWCNT-added

LiAlH4 spectra.
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Fig. 5.1. X-ray diffraction patterns of (a) as-received LiAlHy4, (b) as-milled LiAlH4, and

(c) LiAlH; with 5 wt% added SWCNTs.

5.1.2 Fourier transformation infrared (FTIR) spectroscopy

The FTIR spectra for the pure LiAlH4 and SWCNT doped LiAlH4 are compared
in Fig. 5.2, in which for the pristine LiAIHy, four intense bands appear at 1771.15 cm™,
1644.95 cm'l, 884.19 cm'l, and 819.74 cm'l, which are attributed to the [AlIH4]
stretching and [AlH4]" bending modes, respectively [270]. After doping with SWCNTs,
the new peak, peak at 1425.15 cm™ can be ascribed to the Al-H stretching mode of
Li;AlHg appears [224]. This result confirms that LiAlH4 decomposes into LizAlHg in
SWCNTs-doped LiAlH, during ball milling; agree well with the XRD result (Fig. 5.1).
In comparison with the pristine sample, the host bands for the doped samples reduced in
intensity. The observed reduction in the stretching and bending bands is indicative of
the weakening of the Al-H bonds in the LiAlH, lattice, which cause hydrogen to desorb

at lower temperatures.
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Fig. 5.2. FTIR spectra of pure LiAlH4 and LiAlH4 + 5 wt% SWCNTs.

5.2 Thermal Analysis
5.2.1 Temperature — Programmed — Desorption (TPD)

Fig. 5.3 shows the TPD performances of the as-received LiAlH4, as-milled
LiAlH4, and LiAlH4 with 5 wt% added SWCNTs. It is clear that addition of 5 wt%
SWCNTs decreases the onset desorption temperature for both the first stage and the
second stage. The composite starts to release hydrogen at 80 °C for the first stage and at
130 °C for the second stage. These temperatures represent a decrease of 70 °C
compared to as-received LiAlH4 for the first stage and of 50 °C for the second stage.
The amount of hydrogen release of the LiAIH4 with 5 wt% added SWCNTSs reaches the
theoretical capacity of 7.2 wt% for the mixture, indicating a good preservation of

hydrogen during the ball milling process.
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Fig. 5.3. TPD of as-received LiAlH4, as-milled LiAlH4, and LiAlH4 with 5 wt% added

SWCNTs.

5.2.2 Differential scanning calorimetry (DSC)

Fig. 5.4 presents the DSC results on the as-received LiAlH4 and LiAlH4 + 5 wt%
SWCNTs. The as-received LiAlH4 thermal event has been discussed in a Chapter 4. The
number of thermal events for the 5 wt% SWCNT-added LiAlH4 sample is reduced from
four to only two compared to the as-received LiAlH4 and the as-milled LiAlH, samples.
The exothermic peak at 130 °C for LiAlH4 + 5 wt% SWCNTs is most likely to
correspond to the decomposition of LiAlH, (first reaction stage), while the endothermic
peak at 185 °C seems to correspond to the decomposition of Li3AlHg (second reaction
stage). The first endothermic effects that correspond to the melting of LiAlH4 have

disappeared from the DSC curve of the SWCNT-added LiAlH,.
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Fig. 5.4. DSC traces of as-received LiAlH4 and LiAlH4 with 5 wt% added SWCNTs.

Heating rate: 5 °C min™', argon flow: 30 ml/min.

In order to determine the enthalpy of desorption for the pure LiAlH4 and the
SWCNT-added LiAlH4 samples, the DSC curves were analysed. From the integrated
peak areas, the reaction enthalpies of the first and second reaction stages were obtained.
For the as-received LiAlH4, the enthalpies of desorption obtained for the first and
second stage decompositions are -12.6 kJ/mol H, and 16.8 kJ/mol H,, respectively.
These values are in good agreement with data previously reported [279]. After addition
of SWCNTs, the enthalpy of desorption for LiAlH4 was determined to be -3.0 kJ-mol’
'H, for the first stage decomposition and 12.0 kJ-mol'H, for the second stage
decomposition, respectively. However, due to that the DSC is not operating in a glove
box, there might be a certain degree of oxidation of the LiAlH4 samples during the DSC
test, although flowing high-purity argon was purged to protect the LiAlH4 samples. This
might lead to slight drifting of the measured absolute values of the enthalpies, but the
enthalpy changes after SWCNT addition should be trustable. The result shows that the
dehydrogenation enthalpy decreases for both the exothermic and the endothermic

reactions compared to the pure LiAlH4, indicating that the presence of SWCNTs is
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likely to destabilize LizAlH¢. So, the improved dehydrogenation behaviour of the
second stage reaction in the presence of SWCNTSs may also be attributed to a favourable
thermodynamic modification, namely, the change of the stability of LisAlHg here as

well.

5.3 Dehydrogenation and Rehydrogenation
5.3.1 Isothermal dehydriding kinetics

Fig. 5.5 shows the results of isothermal dehydriding kinetics measurements for
as-received LiAlH4, as-milled LiAlH4, and LiAIH4 + 5 wt% SWCNTs at a constant
temperature of 90 °C, which is considered a comfortable temperature for fuel cell
operation. Almost no hydrogen is desorbed at this temperature from the as-received
LiAlH4. From the results, addition of SWCNTs gives a significant improvement. The
SWCNT-added sample released about 4.0 wt% hydrogen after 40 min dehydrogenation,
but the as-milled LiAlH4 sample only released less than 0.3 wt% hydrogen within the

same period.
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Fig. 5.5. Isothermal dehydrogenation kinetics of as-received LiAlH4, as-milled LiAlH4,

and LiAlH4 with 5 wt% added SWCNTSs at 90 °C under vacuum.
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In order to determine the activation energy, £, for LiAIH4 + 5 wt% SWCNTs and for

as-received LiAlHy4, desorption at three different temperatures was performed (Figs. 5.6

and 5.7).

Hydrogen released (wt.%)

Time (min)

Fig. 5.6. Isothermal dehydrogenation kinetics of LiAlH4 + 5 wt% SWCNTs at different

temperatures.

Hydrogen released (wt.%)

0 10 20 30 40 50 60
Time (min)

Fig. 5.7. Isothermal dehydrogenation kinetics of as-received LiAlH, at different
temperatures.
The activation energy, Ea, for the hydrogen desorption mechanism of the LiAlH4 + 5
wt% SWCNTs and the as-received LiAlH4, respectively, was obtained by performing an
Arrhenius analysis, as discussed in section 2.5.2.1. Thus, the activation energy, Ex, can

be obtained from the slope in a plot of In(k) vs. 1/7, as shown in Fig. 5.8. The apparent
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activation energy of the first stage decomposition estimated from the Arrhenius plot for
as-received LiAlH4 was found to be 116 kJ/mol, and this value was decreased by 55
kJ/mol when 5 wt.% SWCNTs were added. From the results, it is clear that the apparent
activation energy, Ea, for dehydrogenation of LiAlHy4 is significantly lowered after

addition of 5 wt% SWCNTs.
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Fig. 5.8. Plot of In(k) vs. 1/T for as-received LiAlH4 and LiAlH4 + 5 wt% SWCNTs.

5.3.2 Rehydrogenation

Rehydrogenation tests were conducted for LiAlH, with 5 wt% added SWCNTs
to investigate the reversibility of SWCNT-added LiAlHs. After the first complete
dehydrogenation (first two stages of the reaction), the samples were kept at different
temperatures (100 °C, 150 °C, and 200 °C) under 40 atm hydrogen pressure for 2.5 h to
reabsorb hydrogen. From the PCT and XRD results, the rehydrogenation process
showed no hydrogen absorption at any temperature. The failure of rehydrogenation of
this system is probably due to the high equilibrium hydrogen pressures of LiAlH4 and
Li;AlHg at the selected temperatures, as has been discussed in Chapter 4. Theoretically,

for a complex hydride to absorb and desorb hydrogen reversibly under practical
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pressures and temperatures, the hydrogen desorption must be endothermic [18]. From
the DSC results, it is clear that for LiAlHy, the first reaction stage is exothermic and the
second reaction stage is endothermic. Therefore, the first stage reaction is not likely to
be reversible, while the second stage reaction is potentially reversible. Taking a
reasonable estimation of the equilibrium hydrogen pressure of 2 x 10* atm at 150 °C for
the second stage reaction of pure LiAlHy4 [274], the measured 4.8 kJ decrease of reaction
enthalpy for the second stage reaction of LiAlHs with 5 wt% SWCNT addition is
calculated to result in an much increased equilibrium hydrogen pressure of 8 x 10° atm

using the van’t Hoff equation.

5.4 Reaction between LiAlH4 and C

The interaction between LiAlH4 and C may occur during dehydrogenation process. In
order to verify the phases in the sample after dehydrogenation, XRD was used. Figure
5.9 displays the XRD result for a LiAlH4 + 5 wt% SWCNTs after dehydrogenation at
260 °C. The spectra show that the dehydrogenated sample at 260 °C consists of Al and
LiH as the dehydrogenation products, with no other phases are detected. This result
indicates that the first and second reactions were completed for LiAlH4. Besides that,
the result also showed no C-containing species such as LiC or Li,C, is formed in the
system after dehydrogenation (the peaks of Li,C, phases should be at around 26 value

of 29 and 48 [280]).
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Fig. 5.9. X-ray diffraction patterns for dehydrogenation samples of LiAlH4 + 5 wt%

SWCNTs.

5.5 Effect of metallic catalyst contained in the SWCNT (Ni and Y)

The accompanying Ni and Y in the SWCNTs might introduce extra catalytic
effects on LiAlH4. To clarify this issue, samples of LiAlH4 + 5 wt% Ni, LiAlH4 + 5
wt% Y, and LiAlHs + 5 wt% Ni-Y (in equal proportions) were also prepared and
analysed. Figs. 5.10 and 5.11 present the TPD performances and the isothermal
dehydriding kinetics measurements at a constant temperature of 100 °C for LiAlH4 + 5
wt% Ni, LiAlH4 + 5 wt% Y, and LiAlH4 + 5 wt% Ni-Y, as well as as-received LiAlHy,
as-milled LiAlHy4, and LiAlH4 with 5 wt% added SWCNTSs for comparison. It is shown
that the dehydrogenation temperature and the isothermal dehydriding kinetics of LiAIH4
were improved by adding Ni, Y, and Ni-Y compared to as-received and as-milled
LiAlHy. It is theoretically and experimentally reported that Ni additives have been
found to reduce the effective decomposition temperature and enhance the hydrogen
desorption of LiAlH4 [226,262,281,282]. The results show that the residual catalyst
impurities in the SWCNTs also have a positive influence on the dehydrogenation

behaviour of LiAlH4. However, adding SWCNTs to LiAlH4 (with a small proportion of
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Ni and Y) gives a much more significant improvement than for the samples with 5 wt%
Ni, 5 wt% Y, or 5 wt% Ni-Y. This indicates that, apart from the catalytic effects of the
metallic catalyst particles (Ni and Y), the SWCNTs and the associated amorphous
carbon must play an important role and that the significantly improved dehydrogenation

performance of the LiAIH,~-SWCNT system is more likely to be a synergistic effect.
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Fig. 5.10. TPD of as-received LiAlH4, as-milled LiAlH4, and LiAlH4 with addition of 5

wt% Ni, Y, (Ni-Y), and SWCNTs, respectively.
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Fig. 5.11. Isothermal dehydrogenation kinetics at 100 °C of (a) as-milled LiAlH4 and

LiAlH, with addition of 5 wt% (b) Y, (c) (Ni-Y), (d) Ni, and (¢) SWCNTs.
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5.6 Roles of SWCNT-metal catalyst composite

The improvement in the dehydrogenation properties of LiAlHs doping with
SWCNTs can be explained from the following aspects. Recently, Berseth et al. [277]
claimed that the interaction of NaAlH4 with an electronegative substrate such as carbon
fullerene or nanotube affects the ability of Na to donate its charge to the AlH, anion,
consequently weakening the AI-H bond and causing hydrogen to desorb at lower
temperature. Based on experimental observations and theoretical calculations, Berseth
et al. concluded that the electron affinity of various carbon nanostructures depends on
the curvature. It is believed that the higher the curvature of the catalyst, the higher is the
catalytic activity. Because LiAlH4 and NaAlH,4 are from the same alanate family, we
assume that the same mechanism as that reported by Berseth applies to LiAlH4 as well.
In this study, SWCNTs have curved surfaces that belong to the fullerene structural
family, which implies that SWCNTs may have higher electron affinity. It is assumed
that SWCNTs should normally have a much greater affinity for electrons donated by Li
compared to Al, thus weakening the Al-H bond. This weakening favours a lower
decomposition temperature and contributes to the improved desorption Kkinetics.
Actually, the weakening of Al-H bond in the LiAlH, lattice was confirmed by FTIR in
the case of LiAlH4 + 5 wt% SWCNTs, compared with pristine LiAlH4 sample (Fig.
5.2).

Second, we propose that the effect is due to hydrogen spillover effect from the
metal to SWCNTSs or amorphous carbon. In spillover, which has been explored decades
ago in heterogeneous catalysis [283,284], a hydrogen molecule is dissociatively
adsorbed onto a metal surface and the hydrogen atoms then migrate across the metal-
support interface onto the support [278]. When the process is reversed, hydrogen atoms

on the support migrate onto the metal where they recombine and desorb as hydrogen
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molecule. Such spillover effect has been applied to hydrogen storage on activated
carbon [285,286], where it was observed that decorating the carbon with metal
nanoparticles (e.g., Pd and Pt [287-289] or Ni [290]) significantly increased the amount
of hydrogen adsorbed on carbon even at room temperature and atmospheric pressure
[278]. We believe that the significant improvement that was observed in the
dehydrogenation temperature and kinetics is a synergistic catalytic effect between the

SWCNTs, the associated amorphous carbon, and the Ni/Y.

5.7 Conclusions

In this chapter, a SWCNT/metallic-particle co-addition shows a good catalytic
effect, giving LiAlH4 both a significantly decreased decomposition temperature and
enhanced desorption kinetics. Addition of 5 wt% SWCNTs leads to the release of
hydrogen below 100 °C, decreasing the decomposition temperature by 70 °C compared
to as-received LiAlHy for the first stage reaction and by 50 °C for the second stage
reaction. In terms of the desorption kinetics, the 5 wt% SWCNT-added sample released
about 4.0 wt% hydrogen at 90 °C after 40 min dehydrogenation, but the as-milled
LiAIH4 sample only released less than 0.3 wt% hydrogen for the same temperature and
time. The apparent activation energy of the first stage decomposition was decreased
from 116 kJ-mol” for as-received LiAlH4 to 61 kJ-mol by the addition of 5 wt%
SWCNTs. This indicates that the catalytic effect due to the addition of a SWCNT —
metallic particle mixture significantly decreased the activation energy for hydrogen
desorption of LiAlH4. From the DSC curves, the enthalpy of dehydrogenation is
considerably lowered by the addition of a SWCNT — metallic particle mixture. In the
XRD patterns after ball milling, there are weak additional peaks of Al and Li;AlHs,

implying that addition of a SWCNT — metallic nanoparticle mixture induces the
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decomposition of LiAlH4 during ball milling. From the results, we concluded that the
significant effects of the SWCNT — metallic particle mixture on the dehydriding
behaviour of LiAlH, are due to a combination of the SWCNT structure itself, hydrogen
spillover effect due to the catalytic role of the amorphous carbon/metallic particles, and
high contact area between carbon and the hydride. However, our efforts to make the
SWCNT-added LiAlH,4 system reversible were unsuccessful, apparently due to the very

high equilibrium hydrogen pressures of LisAlH¢ and LiAIHj.
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Chapter 6

Significantly improved dehydrogenation of LiAlH,

catalysed with TiO, nanopowder

6.0 Introduction

It has been reported that the refinement of the microstructure (particles and
crystallites/grains) of hydrides, accompanied by nanosized catalytic additives may offer
several advantages for the physicochemical reactions, such as surface interactions,
adsorption in addition to bulk absorption, rapid kinetics, low-temperature sorption,
hydrogen atom dissociation, and molecular diffusion via the surface catalyst, as
discussed in Chapter 2.

In this chapter, based on strategy above, the effect of TiO, nanopowder on the
dehydrogenation behaviour of LiAlH; is study. There are two expectations the
mechanism of how TiO, nanopowder acts as a catalyst in LiAlH4. One is that TiO,
nanoparticles act as a surface catalyst and remain stable during the milling process. The
other is that TiO, nanopowder may reacts with LiAlH4 and might induce the formation
of Ti-Al species as a reaction product. The formation of Ti-Al species might contribute

to enhancing the catalytic effect of TiO, nanopowder in LiAlHy.

6.1 Structural characterization
6.1.1 X-ray diffraction

Fig. 6.1 displays the XRD patterns of the as-received LiAlH4, the as-milled
LiAlH4, and the LiAIH4 + 5 wt% TiO,. After milling with 5 wt% TiO,, the diffraction
peaks of LiAlH4 become weaker than those of the as-milled LiAlH4, and no additional

peaks were observed. Therefore, the first important finding in this study is that LiAlH,
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doped with 5 wt% nano TiO, does not decompose or react with oxide additives during
milling under high-energy impact mode. In addition, the diffraction peaks are broadened
and their intensities are lowered, signifying the decrease in particle size and crystallite
size, and the formation of a large number of defects in the ball-milled composites [231].
No peak of TiO, nanopowder was observed after adding. The TiO, nanopowders have
intrinsically weak X-ray signal comparing to the LiAlH4 powders, owing to their small
particle sizes and the low proportion TiO, addition in the LiAIH4 samples makes it even

difficult to be distinguished from the noisy background.
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Fig. 6.1. X-ray diffraction patterns of (a) as-received LiAlHy4, (b) as-milled LiAlH4, and

(c) LiAlH4 + 5 wt% TiO,.

6.1.2 Fourier transformation infrared spectroscopy

The FTIR spectra of the as-received LiAlHy, the as-milled LiAlH4, and the LiAIH4 + 5
wt% TiO, are shown in Fig. 6.2. For LiAlH4, there are two regions of active infrared
vibrations of the Al-H bonds [270]: two Al-H stretching modes between 1600 and 1800
cm™, and two Li-Al-H bending modes between 800 and 900 cm™. From the spectra

shown in Fig. 6.2, all the stretching and bending modes occur for all samples, and they
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are in good agreement with results previously reported [270]. After detailed FTIR
analysis, it has been found that there is no phase change due to admixture of TiO; after
milling, which is in good agreement with the XRD measurements. However, in milled
and doped alanate, the Al-H stretching modes and Li-Al-H bending modes are shifted
to higher frequencies, and this shifted was stronger in the case of the doped sample.

This shift may be attributed to the strain effects on the AI-H bond [230,291].

1770.65 cm” LiAIH, + 5 wt.% TiO,
[AIH,] stretching

as-milled LiAIH,

Transmittance (a.u.)

as-received LiAIH .

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm'1)

Fig. 6.2. FTIR spectra of as-received LiAlH4, as-milled LiAlH4, and LiAlH, + 5 wt%

TiOs.

6.2 Morphology

Fig. 6.3 shows the FESEM images of the as-milled LiAlH4 and the LiAIHs + 5 wt%
TiO,. As it can be seen, there is a broad particle size distribution for the un-doped
sample, with various sized particles in a range from less than 1 um to more than 1 pm.
However, the uniformity of the particle size is improved for the TiO, doped sample.
The added TiO, particles are of 25 nm original size and it is difficult to observe the

embedded TiO; in the LiAlH4 matrix from the FESEM images.
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Fig. 6.3. FESEM image of (a) the as-milled LiAlH4 and (b) the LiAlH4 added with 5

wt% TiO; by ball milling.

6.3 Thermal Analysis
6.3.1 Temperature — Programmed — Desorption (TPD)

Fig. 6.4 shows the TPD results for the as-received LiAlHj, the as-milled LiAlH4,
and the LiAlH4 added with 5 wt% TiO,. After adding with 5 wt% TiO,, it is clear that
the onset dehydrogenation temperature of the LiAlH4 was dramatically decreased to 60
°C and the full dehydrogenation was completed below 200 °C, which is 90 °C lower
than for the as-received LiAlH4. The total amount of hydrogen release is retained at

about 7.5 wt%.
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Fig. 6.4. Thermal desorption of as-received LiAlH4, as-milled LiAlHy4, and LiAIH4 + 5

Hydrogen released (wt.%)

2(IJO 2‘:50
wt% TiO».

6.4 Dehydrogenation

6.4.1 Isothermal dehydriding kinetics

Fig. 6.5(a) and (b) shows the isothermal dehydriding kinetics measurements at different
temperatures for the LiAlHs + 5 wt% TiO; and for the as-received LiAlH4. From the
results, it can be seen that adding with TiO, caused LiAlH4 to release as much as 5.2
wt% H; within 30 min at 100 °C (Fig. 6.5(a)). The dehydrogenation rate of the TiO,-
added sample at 100 °C is much faster than that of the as-received LiAlH4 at 150 °C
(Fig. 6.5(b)). This kinetic enhancement is related to the energy barrier for H, release
from LiAlH4. The activation energy for decomposition of the LiAlH, has been reduced
by adding with TiO,. To calculate the activation energy of the as-received LiAlH4 and
TiO,-added LiAlH4, the Arrhenius equation was used as discussed in Section 2.5.2.1.
As shown in Fig. 6.6, by plotting In(k) vs. 1/7, the apparent activation energy, Ex, for
H, release from as-received LiAlH,4 and TiO,-added LiAlHy4 can be estimated. From the
calculation, the apparent activation energy of the first stage dehydrogenation, Ea, for the
as-received LiAlH, is 114 kJ'mol™. This value is lowered by 65 kJ-mol™ after adding

with 5 wt% TiO, (Ea = 49 kJ/mol for the TiO,-added LiAlH4). Owing to this lowering
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of the activation energy, the decomposition of the LiAlH4 was improved significantly.
The apparent activation energy of TiO,-added LiAlIH4 obtained in this work is similar to

that for LiAIH4 doped with 2 mol% TiCl;-1/3AICl; (42.6 kJ -mol™! ) [227].

Hydrogen released (wt.%)

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Hydrogen released (wt.%)

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 6.5. Isothermal dehydrogenation kinetics of (a) LiAlH4 added with 5 wt% TiO, and

(b) as-received LiAlH,4 at different temperatures.
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Fig. 6.6. The plot of In(k) vs. 1/T for (a) as-received LiAlH4 and (b) LiAIH4 + 5 wt%

TiOs.
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6.5 X-ray photoelectron spectroscopy (XPS)

XPS spectroscopy of the TiO,-added LiAlH4 was carried out to investigate the
nature of the Ti species after milling and to investigate whether there was any change in
these species after dehydrogenation. In this investigation, a sample with 20 wt% TiO,
was used. For the sample with 5 wt% TiO,, the Ti 2p transition was hard to detect,
probably due to the concentration of Ti at the surface being too low. For comparison,
pure TiO; also was investigated. Fig. 6.7 shows the variation in the Ti 2p transition for
these samples. The pure TiO, sample showed the characteristic peak of Ti*", situated at
464.6 eV for 2p;, and 458.7 eV for 2ps;p, as shown in Fig. 6.7(a), which is in
accordance with the literature [292]. The Ti 2p transition was less pronounced in the
TiOs-added LiAlH4 samples than in the pure TiO,, similar to what was reported by
Croston et al. [132] for TiO,-doped MgH,. In order to better identify the response from
Ti in the spectra recorded for the TiO,-added LiAlH4 sample after ball milling and after
desorption, in situ ion milling (for 10 min) using an Ar ion source with ion energy of 5
keV was employed. This resulted in a better signal-to-noise value for the Ti 2p peak as
compared with that recorded for the same sample before the ion milling, although the
noise level was still comparable with the signal.

The deconvolution of the peak structure was performed using the
CasaXPS2.3.15 software package for fitting the peak structure obtained for the 20 wt%
Ti10,-added LiAlH4 samples; Fig. 6.7(b) and (c) shows the fitting results for the samples
before and after desorption. For the sample before desorption, the position of the Ti
2ps» peak and of the Ti 2p;, peak is 458.8 eV and 464.7 eV, respectively. After
desorption, there was no significant change for the Ti 2p transition. (The position of the

Ti 2p3. and the Ti 2py, peaks was 458.8 eV and 464.8 eV, respectively.)
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Fig. 6.7. XPS Ti 2p spectra for (a) pure TiO,, (b) LiAlH4 + 20 wt% TiO, before

desorption, and (¢) LiAlH4 + 20 wt% TiO; after desorption.
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6.6 Raman spectra

In order to examine the defect site in the crystal structure of TiO, surface during
the milling process, Raman spectroscopy was used. In this investigation four samples
were measured; pure TiO,, as-milled TiO; (1 h ball mill), 20 wt% TiO,-added LiAlH4
before and after desorption. Fig. 6.8 shows the Raman spectra for pure TiO, and as-
milled TiO,. For the pure TiO,, the spectrum situated at 143, 196, 396, 517 and 636 cm”
"are corresponds to anatase TiO,, which is in accordance with the literature [293,294].
After 1 h ball milled, Raman spectrums of anatase located at 143, 196 and 517 cm™
apparently more weaken and the spectrums located at 396 and 636 cm™ shift to 420 and
620 cm™. This shift maybe due to transformation from anatase TiO, to srilankite or
rutile TiO; as reported by Pan et al. [294]. A weaken and shift spectrum after milling are
associated to the defect site in the crystal structure of TiO, surface [293]. From the
results, the same phenomenon is assumed was occurred for TiO, surfaces in TiO,-added
LiAlH4 sample. It would be more evidential to observe the peak shift in the TiO, added
samples, but the signal of TiO, is too weak to be detected by Raman spectroscopy due

to the small concentration of TiO, in LiAlH4.
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Fig. 6.8. Raman spectra for pure TiO; and as-milled TiO,.
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6.7 Reaction between LiAlH4 and TiO, nanopowder

A stoichiometric reaction between LiAlH4 and 20 wt% TiO, may occur during
ball milling process. In order to examine the phase transfer after ball milling for 20 wt%
TiO; added LiAlH4 sample, XRD was used. Fig. 6.9 displays the XRD pattern of the 20
wt% TiO; added LiAlH4 after 1 h of milling. From the XRD result, the post-milled 20
wt% doped LiAlH4 sample showed the weak additional peaks of Al, indicating that
doping with 20 wt% TiO; induced the decomposition of LiAlH4 that occurred during
ball milling. Besides the LiAlH4 and Al peaks, the peaks of TiAl;, Al,O; and Al(-T1)
that are presumed to be reaction product between LiAlH4 and TiO; couldn’t detect . It is
believe that there are no reaction occurs between LiAlH4 and TiO, during ball milling
process. This assumption is supported by XPS results in which there are no change in
the Ti species after ball milling. According to [295], the bonding strength of Ti-O is so
strong (bonding enthalpy of 672 kJ ‘mol™) that TiO, cannot be easily reduced by Al in
LiAlH4 at low temperature. The decomposition of 20 wt% TiO, added LiAlH4 during
the ball milling process may due to the defects of LiAlH4 and TiO, surfaces (will be

discuss latter).
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Fig. 6.9. X-ray diffraction patterns of LiAIH4 + 20 wt% TiO,.
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In order to investigate the chemical environments of Al and Ti after
dehydrogenation, XRD measurement were performed on the 5 wt% and 20 wt% TiO,
added LiAlH4 samples after dehydrogenation at 260 °C. As shown in Fig. 6.10, the
spectra show that the sample dehydrogenated at 260 °C consists of Al and LiH as the
dehydrogenation products, with no phases of LiAlH, and LisAlHg, indicating that the
first step and second step reactions were completed for LiAlH4. Meanwhile, the
diffraction phases for anatase TiO,, rutile TiO,, and beta TiO, can be detected in the
dehydrogenated sample indicating that TiO, remain stable during dehydrogenation
process. This result is in accordance with XPS results (Fig. 6.7). Additionally, a LiOH
phase is also observed probably due to slight oxidation of the sample during the transfer

Process.
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Fig. 6.10. X-ray diffraction patterns for dehydrogenation samples of LiAlH4 doped with

(a) 5 wt% and (b) 20 wt% TiOs,.

6.8 Role of TiO,

A possible mechanism for the TiO, effect in LiAlH4 is that during the milling or the
dehydrogenation process, TiO, reacts with LiAlH4, as reported in the literature for

NaAlHy4 [197,296]. However, from the XRD analysis, for the 5 wt% TiO, doped LiAlHy4
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sample, any phase change due to admixture of TiO, after milling was not detected,
signifying that no reaction occurred between TiO, and LiAlH4 during ball milling. The
FTIR result also shows no phase change for the TiO;-added sample after milling. Both
results are supported by the XPS results, 1.e., specifically, the XPS measurements
revealed no change in the Ti species after ball milling and after the dehydrogenation
process. Therefore, experimental results don’t support the speculation of TiO,-LiAlIH4
reaction. Therefore, the surface catalytic interaction between TiO, and LiAlH4 may play
a crucial role in improving the dehydrogenation behaviour of LiAlHy. Firstly, the TiO;
nanoparticles may operate as a milling ball during ball milling process that increases the
surfaces defects and grain boundaries in the LiAlH4 powder, creating a larger surface
area for hydrogen to interact, thereby decreasing the temperature for decomposition. A
broaden and lower intensities in diffraction peaks of doped sample is evidence of the
decrease in particle size and crystallite size, and the formation of a large number of
defects. Secondly, this can be associated with the role of the catalyst as intermediate in
the dissociation process of hydrogen molecules. Before the dissociation of hydrogen
molecules from LiAlH4 can take place, hydrogen has to be adsorbed at the surface of the
Ti0,. According to Henrich [297], most nearly perfect TiO,-single-crystal surfaces are
essentially inert to H,, but H, is absorbed by TiO,-surfaces that contain a higher density
of defects in the crystal structure. Therefore, the additive TiO, can have greater affinity
for hydrogen compared to aluminium, thus destabilizing the Al-H bond. This feature
facilitates the transfer of hydrogen from catalyst and alanate interface and thereby
improves the desorption kinetics during dehydrogenation. A weaken and shift spectrum
as evidenced in the Raman spectra of the TiO, milled sample is consistent with the
possibility that defects are introduced into the crystal structure of TiO, surfaces in TiO;

doped sample.
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6.9 Conclusions

In summary, the results demonstrated that adding with a small amount of TiO,
nanopowder by dry ball milling significantly reduced the decomposition temperature
and enhanced the desorption kinetics of LiAlHs. Adding with 5 wt% TiO, results in a
reduction in the decomposition temperature of LiAlH4 by 90 °C compared to the as-
received LiAlH4. The added material starts to release hydrogen at 60 °C, and
dehydrogenation is completed below 200 °C, with about 7.50 wt% H, desorbed.
Furthermore, the kinetic desorption results show that the added LiAlH,4 released about
5.2 wt% hydrogen within 30 min at 100 °C, while the as-received LiAlH4 just released
0.2 wt% hydrogen within the same time at 120 °C. This indicates that the TiO,-added
sample shows a significant improvement in dehydrogenation rate compared to that of
the as-received LiAlH4. From the Arrhenius plot of the hydrogen desorption kinetics,
the apparent activation energy of the first stage dehydrogenation is 49 kJ-mol™ for TiO,-
added LiAlH4, compared to 114 kJ -mol! for LiAlH4. Adding with 5 wt% TiO; reduced
the activation energy of LiAlH4, thus promoting the decomposition at lower
temperature. From the experimental results, it can be concluded that TiO, nanopowder
is an excellent additive for the dehydrogenation of LiAlH4. It is believed that the
significant effect of TiO, nanopowder addition on the dehydrogenation behaviour of
LiAlHy 1s attributable to the TiO, nanoparticles may operate as a milling ball during ball
milling process that creates many defects in the LiAlH, powder. The enhancement may
also attribute to a high density of defects, which are introduced at the surfaces of the
TiO, particles during the ball-milling process. These defects, e.g. vacancies, off-
stoichiometry sites, non-equilibrium structures in contact with LiAlHy4 are likely reasons

of the weakened Al-H bonding.
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So far we examined the catalytic effects of three types of promising additives on
LiAlH4, namely NbFs, SWCNT/Ni-Y and TiO, nanopowder. These additives have not
been studied for LiAlH4 before this Thesis work. While they all have markedly positive
effects on LiAlH4 dehydrogenation temperature and kinetics, we can clearly evidence
very different catalytic behaviours in each case. The magnitude of the effects of these
three types of analysts on LiAlH, in also differ from reports on NaAlH,, revealing the

characteristics of LiAIH4.
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Chapter 7

Improved hydrogen storage properties of MgH, doped

with chlorides of transition metals Hf and Fe

7.0 Introduction

Previous chapters have shown that the dehydrogenation properties of LiAlH4
were improved when mixed with catalysts. But, even though NbFs, SWCNT-metal
catalyst composite, and TiO, nanopowder showed excellent catalytic effects for the
dehydrogenation processes of LiAlH4, the reversibility problem was yet not overcomes.
In this chapter, a popular light metal hydride, MgH, is investigated under similar
methodology, with enhanced understanding of catalytic effect offered by different type
of materials.

As discussed in Chapter 2, many studies have shown that the transition-metal
compounds showed high effective catalysis due to the high affinity of transition-metal
cations toward hydrogen [120,131,298,299]. In addition, transition metal fluorides, such
as TiF; and NbFs, have been introduced into MgH, to enhance its kinetics
[143,265,300,301]. It was claimed that both metal and fluorine anions contribute to the
kinetic enhancement of MgH,. As a source of both transition metal and halogen anions,
transition metal halides are attractive for use as an additive to prepare an Mg-based
hydrogen storage system. In this chapter, HfCls, which never reported on MgH,, in
comparison with FeCls is introduced to prepare a MgH,—metal chloride system aiming

at combining the functions of both transition metal cations and chlorine anions.
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7.1 Thermal Analysis

7.1.1 Temperature — Programmed — Desorption (TPD)

Fig. 7.1 shows the temperature-programmed-desorption (TPD) patterns for the
dehydrogenation of as-received MgH,, as-milled MgH,, MgH, + 10 wt% HfCls, and
MgH, + 10 wt% FeCls. The as-received MgH, starts to release hydrogen at about 410
°C, with a total dehydrogenation capacity of 7.0 wt% H, by 430 °C. After milling, the
onset desorption temperature of MgH, was reduced to about 340 °C, indicating that the
milling process also influences the onset desorption temperature of MgH,, as reported
by Huot et al. [112]. After doping with HfCl, and FeCls;, the onset desorption
temperature of MgH, decreased dramatically. Both of the doped samples start to release
hydrogen at about 270 °C, a decrease of about 70 °C and about 140 °C compared with
the as-milled and as-received MgH,, respectively. However, the HfCl4-doped MgH,

sample showed faster desorption rates than the FeCls-doped MgH, sample.

_-—-— as-received MgH

-6 | *—as-milled MgH,
—&— MgH, + 10wt.% FeCl,
Tha MgH, + 10wt.% HfCI, . .
200 250 300 350 400 450
Temperature (°C)

Hydrogen released (wt.%)
A

Fig. 7.1. Temperature-programmed desorption (TPD) pattern for the dehydrogenation of

as-received MgH,, as-milled MgH,, MgH,; + 10 wt% FeCls, and MgH, + 10 wt% HfCl,.
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7.1.2 Differential scanning calorimetry (DSC)

The thermal properties of the as-milled MgH,, and the HfCls- and FeCl;-doped
MgH, samples were further investigated by DSC, as shown in Fig. 7.2. The as-milled
MgH, starts to release hydrogen at about 380 °C. After doping with HfCl4 or FeCls,
MgH, starts to release hydrogen at about 310 °C, which represents a reduction of about
70 °C compared to the as-milled MgH,. This result is comparable with the results of the
PCT measurements (Fig. 7.1). Furthermore, it can be seen that the onset decomposition
temperatures of the samples in DSC are slightly higher than in the TPD (Fig. 7.1).
These differences may result from the fact that the dehydrogenation was conducted
under different heating rates and different heating atmospheres in the two types of

measurements.

~—(b)

Heat flow (a.u.)

250 . 360 l 3%0 ] 460 ‘ 4éO ‘ 500
Temperature (°C)
Fig. 7.2. DSC traces of (a) as-milled MgH,, (b) MgH, + 10 wt% FeCls, and (c¢) MgH, +

10 wt% HfCl,. Heating rate: 15 °C-min”', argon flow: 30 ml/min.

Furthermore, in order to calculate the enthalpy change during the
dehydrogenation process, the DSC curves were analysed. From the integrated peak
areas, the reaction enthalpies of the hydride were calculated. The enthalpy change (AH )

for MgH, with the additives HfCly and FeCls is 73 and 75 kJ -mol'le, respectively.
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Meanwhile, the enthalpy change of milled MgH, is 76 kJ'mol'H,. These results
indicated that the HfCl, and FeCl; investigated in this work acted as catalysts, and they

did not change the thermodynamics of the systems.

7.2 Dehydrogenation and Rehydrogenation
7.2.1 Isothermal dehydriding kinetics

In order to investigate the performance of the hydrogen desorption kinetics, the
hydrogen desorption capacity at constant temperature was measured. Fig. 7.3(a) and (b)
presents typical hydrogen desorption curves at 300 °C and 280 °C. It is clear that doping
MgH, with HfCl, significantly improves the desorption kinetics. The HfCls-doped
MgH, sample can release about 5.2 wt% hydrogen in 5 min at 300 °C, while the FeCls-
doped MgH; and the undoped MgH, samples released about 1.5 wt% and 0.2 wt%

hydrogen, respectively, under the same conditions.
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Fig. 7.3. Desorption kinetics measurement of MgH», MgH, + 10 wt.% FeCls, and MgH,

+ 10 wt.% HfCly at (a) 300 °C and (b) 280 °C under vacuum.

A further desorption kinetics study at 280 °C shows that the HfCls-doped MgH, sample

released about 4.3 wt% hydrogen within 20 min and the FeCls-doped MgH, sample
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released about 2.7 wt%, but no hydrogen release from the pure MgH, was observed.
This result indicates that doping with HfCls results in significant improvement in

desorption kinetics for MgH, compared with FeCl; doping.

7.2.2 Activation Energies

The kinetic enhancement is related to the energy barrier for H, release from
MgH,. In order to determine the effects of FeCl; and HfCl, addition on the activation
energy of MgH,, the Arrhenius equation was employed, as discussed in section 2.5.2.1.
As shown in Fig. 7.4, by plotting In(k) vs. 1/T, the apparent activation energy, E4, for
H; release from the as-milled MgH, sample, the FeCls-doped MgH, sample, and the
HfCls-doped MgH, sample can be estimated. From the calculation, the apparent
activation energy, Ea, for the as-milled MgH, is 164 kJ'‘mol’. This value can be
lowered by 36 kJ -mol! and 62 kJ-mol™” after doping with FeCl; and HfCls. (Ex = 130
kJ-mol™ for the FeCls-doped MgH,, and Ex = 102 kJ-mol™ for the HfCl,-doped MgH.,.)
Thus, the decreased activation energy indicates that the desorption kinetics of the MgH,

is significantly improved.
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Fig. 7.4. The plot of In(k) vs. 1/T for as-milled MgH,, MgH, + 10 wt% FeCls, and

MgHz + 10 wt% HfC14
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7.2.3 Isothermal rehydrogenation Kinetics

Fig. 7.5(a) and (b) shows the absorption kinetics measurements at two different
temperatures for the HfCly and the FeCls-doped MgH,. For comparison, the MgH, is
also included in this figure. The samples were soaked at two constant temperatures (280
and 300 °C) under 3 MPa hydrogen pressure.
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Fig. 7.5. Absorption kinetics measurement of MgH», MgH» + 10 wt% FeCls, and MgH,

+ 10 wt% HfCly at (a) 300 °C and (b) 280 °C under 3 MPa hydrogen pressure.

The doped samples show a significant improvement with respect to absorption kinetics.
The hydrogen absorbed by the HfCls-doped MgH, sample at 300 °C reached 5.3 wt%
within 1 min, and a hydrogen absorption capacity of 4.6 wt% was reached by the FeCls-
doped MgH, sample at the same time. In contrast, the undoped MgH, sample just
absorbed 2.8 wt% hydrogen over the same time. Furthermore, the HfCly and FeCls-
doped MgH, samples can absorb 4.5 and 4.0 wt% hydrogen at 280 °C within 1 min,

respectively, which is higher than for the MgH, at 300 °C.

7.2.4 Cyclibility study
Since HfCly; shows the best catalytic effects on the hydrogen
absorption/desorption kinetics of MgH,, the cycling performance of the HfCls-doped
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MgH, sample was further characterized. The cycling performance of the MgH, + 10

wt% HfCl, sample at 300 °C under 3 MPa hydrogen pressure is shown in Fig. 7.6.

—a— 10" cycle]

4t |l = @ m B g @ E §m m ]
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w
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0F . . Cycle number . )
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Dehydriding time (min)

Fig. 7.6. The cycling performance of MgH, + 10 wt% HfCl, at 300 °C under vacuum
after rehydrogenation at 300 °C under 3 MPa hydrogen pressure. The main figure shows
the hydrogen released in the 1%, 5™ and 10™ cycles, while the inset shows the hydrogen

capacity vs. cycle number.

The desorption kinetics persisted well, even after the 10" cycle, indicating that HfCly, 1s
a good catalyst for the cycle life of MgH,. The hydrogen storage capacity after 30 min
desorption shows almost no decrease with cycling, being maintained at 6 wt%, as

shown in the inset of Fig. 7.6.

7.3 Structural analysis
7.3.1 X-ray diffraction (XRD)
Figs. 7.7 and 7.8 show XRD spectra for the FeCl; and HfCly-doped MgH,

samples after milling, after dehydrogenation at 450 °C, and after rehydrogenation at 300

°C under 3 MPa hydrogen pressure.
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Fig. 7.7. X-ray diffraction patterns of the FeCls-doped MgH, (a) after milling, (b) after

dehydrogenation and (c) after rehydrogenation.
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Fig. 7.8. X-ray diffraction patterns of the HfCls-doped MgHj (a) after milling, (b) after

dehydrogenation, and (c) after rehydrogenation.

The results show that neither FeCl; nor HfCls, nor any secondary FeCl or HfCI-
containing phase, was detected in either doped sample after milling, which is probably
due to the fact that the FeCl; and HfCl4 grains are too small to be detectable in the

MgH, matrix by XRD, or because the FeCl and HfCl-containing phases may exist in an
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amorphous state directly after ball milling. Theoretically, the reaction between MgH,
and HfCl, or FeCl; may also occur during milling but they should not be easily detected
in XRD due to fine crystalline or near-amorphous state incurred by high energy ball
milling. In the dehydrogenation spectra for both samples, there are distinct peaks of Mg,
which indicates that the reactions were completed. A small amount of MgO was also
detected in the dehydrogenation spectra due to slight oxygen contamination. In addition,
some peaks of MgCl, appear after dehydrogenation, suggesting that the reactions of

MgH,; + 10 wt% FeCl; and MgH; + 10 wt% HfCls may occur as follows:

3MgH, + 2FeCl; — 3MgCl, + 2Fe + 3H; (7.1)
and

2MgH, + HfCly — 2MgCl, + Hf + 2H, (7.2(a))

or

2MgH, + HfCl; — 2MgCl, + HfH, + H, (7.2(b))

For the FeCls-doped MgH, sample (Fig. 7.7(b)), peaks assigned to Fe are present, but
no evidence of Hf-containing phase is observed for the HfCls-doped MgH, sample (Fig.
7.8(b)) after dehydrogenation. For the rehydrogenated sample, it can be seen that Mg is
largely transformed into MgH,. Peaks of MgCl, still remain, together with a small
amount of MgO. For the FeCls-doped MgH, sample (Fig. 7.7(c)), Fe species still remain

unchanged after rehydrogenation.

7.3.2 Fourier transformation infrared (FTIR) spectroscopy

The effect of FeCls and HfCl, addition on the MgH» bonding was investigated
by FTIR measurements. The FTIR spectra for the as-milled MgH,, the as-milled MgH,
+ 10 wt% FeCls and the as-milled MgH, + 10 wt% HfCly are shown in Fig. 7.9.

According to Wang et al. [302], there are two main regions with active infrared
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vibrations of the Mg — H bonds, in which the spectra in the 400 - 800 cm™ region
correspond to the Mg — H bending bands and the spectra in the 900 — 1300 cm™ region
correspond to the Mg — H stretching bands. In this study, the stretching and bending
bands for the as-milled MgH, are centred at about 1234 cm’ and about 704 cm'l,
respectively. After doping with FeCls and HfCly, hardly any difference was found in the
FTIR spectra, indicating that the MgH, lattice is essentially unaffected by the presence
of HfCly and FeCls. Or, the changes are too small to be detected since the mole fraction
of HfCl, and FeCl; are much smaller than that of MgH, and therefore the majority of

MgH, just appears chemically intact in the FTIR results.
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Fig. 7.9. FTIR spectra of as-milled MgH,, MgH, + 10 wt.% FeCl; and MgH, + 10 wt.%

HfCl,.

7.3.3 X-ray photoelectron spectroscopy (XPS)
As discussed above, the formation of MgCl, is probably due to the reaction
between MgH, and HfCly during the dehydrogenation process (Eq. 7.2(a) or (b)). The

XRD spectra for the dehydrogenated and rehydrogenated samples show no detection of
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Hf-containing phases, due to their low concentration or amorphous structure. In order to

investigate the nature of the Hf-containing species after dehydrogenation and after

rehydrogenation in more detail, XPS measurements were conducted. Fig. 7.10 shows

the Hf 4f spectra for pure HfCls; and for the HfCls-doped MgH, samples after

dehydrogenation and after rehydrogenation. The pure HfCl; sample shows the

characteristic peaks of Hf'", situated at 20.3663 eV for 4fs, and 18.6500 eV for 4f;, as

shown in Fig. 7.10(a).
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Fig. 7.10. XPS Hf 4f spectra for (a) HfCl4 pure and MgH, + 10 wt% HfCl, after (b)

dehydrogenation and (c) rehydrogenation.

The Hf 4f transition was less pronounced in the HfCls-added MgH, samples than in the

pure HfCl4. In order to better identify the response from Hf in the spectra recorded for
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the HfCls-added MgH, sample after dehydrogenation and after rehydrogenation, in situ
ion milling (for 10 min) using an Ar ion source with ion energy of 5 keV was employed,
as discussed in Chapter 6. This resulted in a better signal-to-noise value for the Hf 4f
peak as compared with that recorded for the same sample before the ion milling,
although the noise level was still comparable with the signal. Deconvolution of the peak
structure using the CasaXPS2.3.15 software package was performed for the fitting of
the peak structure obtained for the HfCls-added MgH, samples; Fig. 7.10(b) and (c)
shows the fitting results for the samples after dehydrogenation and after
rehydrogenation.

It is found that the dehydrogenation and rehydrogenation processes result in the
shift of the Hf 4fs, and Hf 4f;, peaks from HfCly,. For the sample after
dehydrogenation, the position of the Hf 4fs/, peak and of the Hf 4f;,, peak is 19.0670 eV
and 17.4215 eV, respectively. After rehydrogenation, there was no significant change in
the Hf 4f transition that could be observed in XPS measurements. (The positions of the
Hf 4f5/; and the Hf 4f;,, peaks were 19.3793 eV and 17.9525 eV, respectively.) Due to
the lack of evidence of local structure, we attribute these signals of intermediate valence

states to Hf *"-containing compounds (0 < x < 4).

7.4 Effect of 50 wt% HfCl,

In order to investigate the Hf-containing phase after dehydrogenation and after
rehydrogenation in more detail, we prepared a MgH, sample with 50 wt% HfCl,, since
it is not easy to analyse the phase composition of the sample with 10 wt% HfCls by
XRD. Fig. 7.11 displays the XRD patterns of the MgH, sample with 50 wt% HfCl, after
1 h of milling, after dehydrogenation at 450 °C, and after rehydrogenation at 300 °C

under 3 MPa hydrogen pressure. After 1 h ball milling, only MgH, phase was detected,
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indicating that the HfCl, phase is in an amorphous state directly after ball milling. After
dehydrogenation at 450 °C, as compared with the dehydrogenated MgH, + 10 wt%
HfCly sample (Fig. 7.8(b)), a new diffraction peaks was formed, which is indexed as
HfH,. From the results, we assume that reaction 7.2(b) occurred during the
dehydrogenation process in MgH, + 50 wt% HfCl,s. According to Barraud et al. [303],
grinding of hydrated hafnium tetrachloride, ph-HfCl4; + Mg leads to the formation of
hafnium hydride, and this hydride starts to decompose at about 500 °C. After
rehydrogenation, this diffraction peaks still remain unchanged. Based on this result, it is
likely that HfH, was also formed during the dehydrogenation process in the 10 wt%

HfCls-doped MgH,; sample.

Intensity (a.u.)

20 (degree)

Fig. 7.11. X-ray diffraction patterns of the 50 wt% HfCls-doped MgH> (a) after milling,

(b) after dehydrogenation and (c) after rehydrogenation.

7.5 Effect of MgCl, and Hf on MgH,
XRD examination of the dehydrogenated FeCl; and HfCl4-doped MgH, samples
identifies the formation of MgCl,, and this product still remains after rehydrogenation.

The formation of MgCl, encourages us to speculate that MgCl, may be acting as a real
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catalyst. In addition, we assume that Hf exist as a reaction product from reaction 3(a)
during the dehydrogenation process. So, to examine the effects of MgCl, and Hf on
MgH,, samples of MgH, doped with 10 wt% MgCl,, Hf, and (MgCl, + Hf) were
prepared, as shown in Fig. 7.12. For comparison, the as-milled MgH, and the MgH, +
10 wt% HfCly are also included in this figure. It is clear that the dehydrogenation

temperature of MgH, was improved by doping with MgCl,, (MgCl,+Hf), and Hf
compared to as-milled MgHo.
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Fig. 7.12. Temperature-programmed desorption (TPD) pattern for the dehydrogenation

of as-milled MgH,, and MgH, doping with 10 wt% MgCl,, Hf, (MgCl,+Hf), and HfCl,.

7.6 Role of HfCl,; and FeCl;

Fig. 7.12 shows that MgCl,, Hf, and (MgCl, + Hf) also have a positive influence
on the hydrogenation behaviour of MgH,, but it is not as good as that of MgH, + 10
wt% HfCly. Therefore, Hf " - containing compound may act as the actual catalyst in the
HfCls-doped MgH, system. Many studies have shown that transition metals act as
catalysts in the dissociation of hydrogen molecules and the recombination of hydrogen

atoms in the molecular state. A theoretical study of Nobuhara et al. [304] shows that, as
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hydrogen molecules reach the catalyst surface, charge is donated from the hydrogen s-
orbitals to the surface s- and d-states, accompanied by a back donation from the surface
s- and d-states to the hydrogen anti-bonding states. The interaction of the surface s- and
d-electrons with hydrogen molecular orbitals enhances the hydrogen dissociation on the
surfaces. During the desorption process, the Mg-H bond of MgH, is activated by the
catalyst, so that the electrons of the bonding orbitals of MgH, are donated to the
unoccupied orbitals of the catalyst, and subsequently, the electrons of the occupied
orbitals of the catalyst are back donated to the antibonding orbitals of the MgH, (back-
donation) [305]. The electronic exchange reactions result in easier Mg-H dissociation,
thus favouring the recombination of hydrogen atoms into hydrogen molecules. In this
study, the valence electron configurations of Hf " are 6s*5d*™, compared with 6s*5d*
for Hf. Clearly, the lower 5d orbital occupancy of Hf " allows an increased electron
exchange with hydrogen molecules and Mg-H bonds of MgH,. As a result, Hf *"-species
may have a more pronounced catalytic effect than metallic Hf, as supported by the TPD
measurements presented in Fig. 7.12. Based on the XRD results of de/rehydrogenation
of MgH, + 50 wt.% HfCl, (Fig. 7.11(b) and (c)), we speculate that the enhancement of
sorption properties of the HfCly-doped MgH, sample may be due to the HfH, species.
This speculation is in agreement with Kyoi et al. [306], who reported that a mixture of
MgH, and HfH, heated up to 600 °C under 4 — 8 GPa hydrogen in a multi-anvil cell
showed an improved desorption temperature of MgH,. In the case of the FeCls-doped
MgH, sample, the formation of Fe during the dehydrogenation process may play an
important role in enhancement of MgH, sorption, since it is well known that Fe is a
good catalyst for MgH, [120,121]. The presence of Fe metal may interact with
hydrogen molecules, which may lead to the dissociation of hydrogen molecules and the

improvement of the desorption/absorption rate.
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Apart from the speculated catalytic effects of Fe and Hf species, the function of
Cl” may also introduce an extra catalytic effect on MgH, sorption properties. As shown
in Fig. 9.12, MgCl, also has a positive influence on the dehydrogenation behaviour of
MgH,. MgCl, may have preferentially segregated on the surface, thus catalyzing the
hydrogen sorption. The catalytic effect of MgCl, may further combine with the catalytic
function of Fe or Hf species to generate a synergetic effect. Alternatively, Cl” anion may

also directly participate in the generation of the catalytically active species.

7.7 Conclusion

This chapter shows that HfCl; and FeCl; are both effective additives for
improving the dehydrogenation temperature and sorption kinetics of MgH,. Both of the
doped samples start to release hydrogen at about 270 °C, a decrease of about 70 °C and
about 140 °C compared to the as-milled and as-received MgH,, respectively. A
hydrogen desorption capacity of 6.0 wt% can be reached within 10 min at 300 °C for
the HfCls-doped MgH, sample and 3.5 wt% for the FeCls-doped MgH, sample, while
only 0.2 wt% hydrogen was desorbed by MgH,. Meanwhile, 5.5 wt% hydrogen was
absorbed at 300 °C under 3 MPa hydrogen in 60 s for the HfCl4-doped MgH, sample
and 4.8 wt% for the FeCls-doped MgH, sample, while the MgH, sample only absorbed
3.0 wt% hydrogen under the same conditions. The apparent activation energy, E, for
hydrogen desorption was estimated to be 102 kJ-mol™ and 130 kJ-mol™ for the HfCl,-
doped MgH, and the FeCls-doped MgH, samples, a decrease of 64 and 36 kJ-mol,
respectively compared to the as-milled MgH, (166 kJ‘mol™). In addition, a cycling
study of dehydrogenation at 300 °C showed that the hydrogen capacity of the HfCls-
doped MgH, sample was maintained at about 6.0 wt% after 10 cycles. From the XRD

and XPS results, we suggest that the significant improvement in the MgH, sorption
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properties was due to the active catalytic effect from fresh Fe and Hf species that
formed during the dehydrogenation process. These species may interact with hydrogen
molecules, which may lead to the dissociation of hydrogen molecules and the
improvement of the desorption/absorption rate. In addition, the formation of MgCl, may
also play a critical role, and it is very likely that there are synergetic effects combining
the by-product MgCl, is with Fe and Hf species. The difference between FeCls and
HfCly lies in the catalytic activities of effect Fe and Hf species. For Fe, the effective
catalyst is most likely to be the in-situ produced Fe, but for Hf there is evident that HfH,
is most likely doing the job. Again, an additive taking the form of metal halide is
crucial, as the fresh surface of the in-situ produced catalysts in close contact with matrix

are vastly important.
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Chapter 8

The hydrogen storage properties and reaction

mechanism of the MgH,-NaAlH, composite system

8.0 Introduction

Apart from introducing a catalyst or additive, the destabilization concept has
been extensively investigated as an approach aimed at modifying the thermodynamics
and kinetics of the hydrogen sorption reaction of MgH, as discussed in Chapter 2. Vajo
et al. [153] destabilised MgH, by adding Si. The results indicated that the MgH,/Si
system could be practical for hydrogen storage at reduced temperature. However, the
formation of Mg,Si would reduce the gravimetric hydrogen density because Si cannot
be hydrogenated, so this intermediate phase seems hard to make reversible.

Motivated by the studies of Vajo et al., in this chapter, complex hydride with a
high gravimetric density, NaAlH4 has been used as agent to destabilize MgH,. Pure
NaAlH4 decomposes to NazAlHg, NaH, Al, and hydrogen through the two-step separate
reaction. It is expected that NaH and Al may react with MgH, and formed intermediate
phases during the heating process and these intermediate phases may serve as the
reagents to destabilized MgH».

In this chapter, the hydrogen storage properties and the reaction pathways of the
MgH,-NaAlH4 (4:1) composite system during the de/re-hydrogenation process is

investigated.
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8.1 Thermal Analysis
8.1.1 Temperature — Programmed — Desorption (TPD)

Fig. 8.1 displays the TPD curves of the as-milled MgH,, the as-milled NaAlHy4,
and the MgH,-NaAlH, composite. The as-milled MgH, starts to release hydrogen at 330
°C and desorbs about 7.1 wt% H, after 420 °C. Meanwhile, the as-milled NaAlH4
releases about 5.5 wt% hydrogen in the dehydrogenation temperature range between
180 °C and 285 °C. For the MgH,-NaAlH4 composite, it is believed that there are four
stages of dehydrogenation occurring during the heating process. The four stages of
dehydrogenation process are reported by Sartori et al. [307] for the dehydrogenation
process of hydrogenating 2MgH; +3Al + NaH under 160 bar and 80 °C for 12 h. The
first stage, which takes place within the temperature range from 170 to 212 °C, is
attributed to the reaction:

NaAlH, + MgH, — NaMgHs + Al + 1.5H, (8.1)

*
*
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Fig. 8.1. TPD (temperature-programmed desorption) curves of the as-milled MgH,, the
as-milled NaAlH4, and the MgH,-NaAIH4 composite. (I, I, III, and IV refer to the first,

second, third, and fourth dehydrogenation stage, respectively).
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8.2 Structural characterization
8.2.1 X-ray diffraction

In order to clarify the dehydrogenation mechanism, XRD was used. From the
Fig. 8.2(a), it can be seen that, MgH, and NaAlH, phases are detected in the as-milled
MgH,-NaAlH4 composite. Fig. 8.2(b) shows the XRD pattern of the MgH,-NaAlH,4
composite after dehydrogenation at 212 °C. Clearly, the pattern indicates the presence
of perovskite-type hydride, NaMgH3; and Al besides the unreacted MgH,. The fact that
no NaAlH4 phase was found indicates that the Eq. (8.1) reaction was completed at this
stage. From the result we can see that the decomposition temperature of NaAlHy4 in the
MgH,-NaAlH, composite reduced by 10 °C compared with that of as-milled NaAlH,4

indicating that the dehydrogenation performance of NaAlHy is slightly improved after

combining with MgH,.
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Fig. 8.2. XRD patterns of the MgH,-NaAIH4 composite (a) after 1 h ball milling and

after dehydrogenation at (b) 212 °C, (c) 330 °C, (d) 360 °C, and (e) 375 °C.
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The second dehydrogenation stage, starting at about 280 °C and completed at about 330
°C, can be attributed to the MgH, or NaMgHj-relevent decomposition. In order to
investigate the reaction progress and mechanism, XRD measurements were performed
on the MgH,-NaAlH, composite after dehydrogenation at 330 °C. As can be seen from
the XRD result (Fig. 8.2(c)), the peaks for MgH, and Al disappear, and new peaks
corresponding to Mg;7Al;; and Mg are observed. Furthermore, the peaks for NaMgHj3
still remain unchanged. These results demonstrate that the hydrogen released in the
second stage i1s from a mixing decomposition of (i) the reaction of MgH, with Al and
(1) the decomposition of the excessive MgH,. This kind of MgH,-relevent
decomposition can be speculated to be through the reaction in Egs. (8.2) and (8.3),
which occurs at a temperature 50 °C lower than the decomposition temperature of the
as-milled MgHo.
17MgH, + 12A1 — Mg;Al; + 17H, (8.2)
MgH, — Mg + H, (8.3)
Further heating led to the third decomposition, starting at 330 °C and completed
at 360 °C, corresponding to the decomposition of NaMgH3, as shown in Eq. (8.4). The
last stage dehydrogenation is due to the decomposition of NaH, with decomposition
starting at 360 °C and ending at 375 °C (Eq. (8.5)). XRD measurements at 360 and 375
°C were carried out to clarify these dehydrogenation stages. As shown in Fig. 8.2(d) and
(e), the peaks of NaH appear after dehydrogenation at 360 °C, and the peaks of Na can
be detected after further heating to 375 °C. These results indicated that the reactions of
Eqgs. (8.4) and (8.5) occurred in the third and fourth stages, respectively.
NaMgH; — NaH + Mg + H; (8.4)

NaH — Na +1/2H, (8.5)
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8.3 Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC)
8.3.1 Thermal properties

Fig. 8.3 presents the TGA/DSC traces of the MgH,-NaAlH4 composite and the
as-milled MgH,, which is also shown for comparison (inset plot). For the MgH,-
NaAlH4 composite, the first endothermic peak at 185 °C corresponds to the melting of
NaAlH4 [308], and the second endothermic peak at 275 °C corresponds to the reaction
of NaAlHs and MgH, (first stage dehydrogenation). Note that, before the first
endothermic peak, there is an extra exothermic peak. This exothermic peak at 170 °C is
most probably due to the presence of surface hydroxyl impurities in the powder as

reported in Chapter 4 for LiAlH,.
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Fig. 8.3. TGA/DSC traces of the MgH»-NaAIH4 composite and the inset plot is
TGA/DSC traces of the as-milled MgH,. Heating rate: 15 °C min™, argon flow: 30
ml/min. (I, I, III, and IV refer to the first, second, third, and fourth dehydrogenation

stages).
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Furthermore, after the second endothermic (first stage dehydrogenation), three
overlapping endothermic reactions occurred due to the decomposition of MgH,,
NaMgHj3 and NaH. The first overlapping endothermic peak at 363 °C can be ascribed to
MgH,-relevent decomposition (second stage dehydrogenation), and the rest are due to
the decomposition of NaMgHj; and NaH (third and fourth stage dehydrogenation). Ikeda
et al. [309] reported that there are two overlapping endothermic reactions accompanying
with continuous weight-loss in the decomposition of NaMgH; and NaH. Compared to
the as-milled MgH, (inset plot), the temperature of the MgH,-relevent decomposition in
the MgH,-NaAlH4 composite is clearly decreased. It starts to release hydrogen at about
315 °C, 50 °C below the temperature for the as-milled MgH,; (365 °C). This decrease in
the hydrogen release temperature is correlated to the results observed in the PCT
measurement (Fig. 8.1). From the TGA/DSC results, it can be seen that the
decomposition temperatures of the as-milled MgH, and the MgH,-NaAlH4 composite
are higher than those from the Sieverts-type PCT results (Fig. 8.1). This difference may
be due to the different heating rates and the different heating atmospheres between the

two measurements as discussed in Chapter 4.

8.3.2 Activation Energies

The activation energy, E, for the hydrogen desorption mechanism of the MgH>-
NaAlH,; composite was obtained by performing a Kissinger analysis [68], as described
in section 2.5.2.1. Fig. 8.4 shows DSC traces for the MgH,-NaAlH4 composite at
different heating rates (8= 10, 15, and 20 °C min™, respectively). All the peaks in the
MgH,-NaAlH, composite were shifted when the heating rates increased. The inset of

Fig. 8.4 shows a Kissinger’s plot of the dehydrogenation reaction for the MgH,-NaAlH,4
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composite as compared with the as-milled MgH,. (The plot refers to the MgH,-relevent

decomposition, the first of the overlapping endothermic peaks).
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140 142 1.44 146 1.48 1.50 1.52 1.54 1.56
1000 /T (K")
L PR | i

100 150 200 250 300 350 400
Temperature (°C)

Fig. 8.4. DSC traces of MgH,-NaAlH4 composite at different heating rates. The inset
plot is the Kissinger’s analysis for (a) as-milled MgH; and (b) MgH,-NaAlH4 composite

(The plot refers to the first of the overlapping endothermic peaks).

The apparent activation energy, Ea, estimated from the Kissinger analysis for the
MgH,-relevent decomposition in MgH,-NaAlH, composite is found to be 148 kJ-mol™,
which is lower than for the as-milled MgH, (168 kJ .mol™). This indicates that mixing

with NaAlHs reduced the activation energy and thus improved the dehydrogenation

behaviour of MgH,.

8.4 Dehydrogenation and Rehydrogenation
8.4.1 Isothermal dehydriding kinetics
Fig. 8.5 compares the isothermal dehydrogenation kinetics of MgH, + NaMgH3; in the

MgH,-NaAlH4 composite at 300 °C and 320 °C. The dehydrogenation of MgH, was
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also examined for comparison under the same conditions. The dehydrogenation kinetics
test was carried out after a rehydrogenation process under ~3 MPa of H, at 300 °C. At
320 °C, the MgH,-NaAlH4 sample desorbed about 3.5 wt% hydrogen after 12 min,
which is much higher than for the MgH, (desorbed about 0.4 wt% hydrogen).
Meanwhile, after 12 min dehydrogenation, the MgH,-NaAlH4 sample released about 1.2
wt% hydrogen at 300 °C, but the MgH, only released about 0.2 wt% hydrogen at the
same time and temperature. It is important to note that the dehydrogenation kinetics of
the MgH,-NaAlH,4 sample at 300 °C is much faster than the dehydrogenation kinetics of
the MgH, at 320 °C. This result indicates that the MgH,-relevant dehydrogenation

kinetics is significantly improved after combining with NaAIH,.

3.5 (e
[ —=— MgH, at 300°C
[ —e— MgH, at 320°C
[ —e— 4MgH, + NaAlH, at 300°C
| ——4MgH, + NaAH, at 320°C

20F

3.0

2.5

15F

1.0F

Hydrogen released (wt.%)

0.0F

0 1 2 3 45 6 7 8 91
Time (min

Fig. 8.5. Isothermal dehydrogenation kinetics of the MgH, and the MgH,-NaAlH,4

composite at 300 °C and 320 °C under vacuum.

8.4.2 Isothermal rehydriding kinetics
To investigate the reversibility of MgH,-NaAlHs composite, the

rehydrogenation of the dehydrogenated sample was performed under ~3 MPa of H, at
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300 °C. The MgH, system was also examined for comparison. Fig. 8.6 compares the
1sothermal re-hydrogenation kinetics of the MgH,-NaAlH4 composite and the MgH,.
From the results, the MgH,-NaAlH4 sample shows slow absorption kinetics compared
with the MgH,. After 30 min, the MgH,-NaAIH,4 sample has just absorbed 5.1 wt%

hydrogen relative to the MgH, sample, which can absorb as much as 6.1 wt% hydrogen.

_— |\I/|gH2 -
2t — 4MgH, + NaAH, ]

Hydrogen absorbed (wt.%)
w

[l M 1 " 1 M 1 i 1 i 1

0 10 20 30 40 50 60
Time (min)

Fig. 8.6. Isothermal re-hydrogenation kinetics of the MgH,-NaAlH4 composite and the

MgH, samples at 300 °C and under 3 MPa.

Fig. 8.7 displays the XRD patterns of the MgH,-NaAlHs composite after
rehydrogenation under ~3 MPa of H; at 300 °C. From the patterns, it can be seen that
the peaks correspond to MgH,, NaMgHj3, Al and a small peak for AlsMg, that appears
after rehydrogenation. No NaAlH, peak was detected. The NaMgH3 phase confirms that
reactions (8.4) and (8.5) are reversible, as reported by lkeda et al. [309]. After
rehydrogenation, the Mg;;Al;, peaks disappear, and peaks of MgH,, Al, and small
peaks of Al3Mg, appear, indicating that Mg;;Al;; can be dissociated into Mg,Als,

MgH,, and Al (Eq. 8.6) as reported by Yabe and Kuji [310], and Zhang and Wu [311].
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Mg 7Al, + (17 = 2y)H, — yMgAL + (17 — 2y)MgH, + (12 — 3y)Al (8.6)
LI
» % - MgH,
+ - NaMgH,
v - Al
w - Al,Mg,
El
L) -
=
R7]
c
Q
IS
) o o
a & v
.
60 70 80

20 (degree)
Fig. 8.7. XRD patterns of the MgH,-NaAlH4 composite after rehydrogenation at 300°C

and under 3 MPa.

If higher hydrogenation pressure were applied, Mg,Al; would subsequently be
transformed into MgH, and Al, as shown in Eq. (8.7) [312]:

Mg,Als + 2H, — 2MgH, + 3Al (8.7)
In this study, Mg,Al; was hardly to transform into MgH, and Al due to the lower
hydrogenation pressure applied (3 MPa). This phenomenon is similar to that reported by
Zhang et al. [154] for MgH,-LiAlH4 (4:1) composite, in which their sample was
rehydrogenated under 4 MPa. For comparison, Chen et al. [313] reported that no
Mg,Al; phase was detected from their MgH,-LiAlH4 (4:1) composite sample after
rehydrogenation at 350 °C and under 10 MPa, implying that reaction (8) occurred when
the higher hydrogen pressure was applied. The slow absorption kinetics in the MgH5-

NaAlH4 composite may due to the yield of Mg, Als.
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8.5 Roles of NaAlH4 in MgH,-NaAlH4 composite system

From the results, it can be pointed out that mixing NaAlH4 with MgH, improves
the dehydrogenation properties. The formation of Mg;7Al;, phase as a reaction product
of MgH, with Al during the dehydrogenation process may create a beneficial pathway
for hydrogen atom diffusion to the surface and recombination, while it improves the
thermodynamic properties of the MgH,-NaAlH4 composite system, as reported by
Zhang et al. [154] and Chen et al. [313] for the MgH,-LiAlH, (4:1) composite. Besides
Mg;7Al;; phase, Zhang et al. [154] also claimed that a catalytic effect may also be
contributed by Lig.9,Mgs 0s phase, which is formed as a reaction product of MgH, with
LiH during the dehydrogenation process in the MgH,-LiAlH4 composite system. In this
study, the reaction of MgH, with NaAlH, formed a perovskite-type hydride, NaMgH3,
and this product may also play a catalytic role in enhancement of the dehydrogenation
behaviour of MgH,-NaAlH4 composite. So in this chapter, the in situ formed Mg;;Al;,
and NaMgH; provide a synergetic thermodynamic and kinetic destabilization on the
dehydrogenation of MgH,, which is responsible for the distinct reduction in the

operating temperatures of the as-prepared MgH,-NaAlH4 composites.

8.6 Conclusion

In summary, the results showed that the hydrogen desorption properties of
MgH, were improved after mixing with a minor proportion (1/4) of NaAlHy4. From the
TPD results, the MgH, in the composite starts to release hydrogen at about 280 °C,
compared with 330 °C for as-milled MgH,. This composite also showed strong
improvement in the dehydrogenation kinetics. The TPD results show that the
dehydrogenation process in the MgH,-NaAlH4 (4:1) composite can be divided into four

stages: the first dehydrogenation stage can be attributed to the reaction of NaAlH4 and
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MgH,. The second dehydrogenation stage is due to the MgH, react with Al
accompanied with the self-decomposition of excessive MgHj; the third dehydrogenation
stage can be ascribed to the decomposition of NaMgHj3; and the last dehydrogenation
stage is due to the decomposition of NaH. The Kissinger plots for different heating rates
in DSC show that the apparent activation energy, E,, for decomposition of MgH;-
relevent in the MgH,-NaAlH, (4:1) composite is reduced to 148 kJ-mol” compared with
168 kJ-mol™ for the as-milled MgH,. The formation of Mg;7Al;; and NaMgH; phases
during the dehydrogenation process is most likely plays a critical role in the
enhancement of dehydrogenation in MgH,-NaAlH4 composite. However, the MgH,-
NaAlH4 (4:1) composite did not show any improvement in rehydrogenation compared
with pure MgH,. Thus the Mg;7Al;; and NaMgH; phases are only effective for the

dehydrogenation processes of NaAlH, and MgH,.
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Chapter 9

Study of the hydrogen storage properties of the MgH -
LiAlH, destabilized system with and without additives

9.0 Introduction

In last chapter, the results showed that MgH, can be destabilized effectively by
NaAlH; in which the dehydrogenation property of MgHs-relevent decomposition in
MgH,-NaAlH; composite is improved from that of as-milled pristine MgH,. As
reviewed in Chapter 2, LiAlH,4 addition in MgH, for a destabilization purpose has also
been reported by several groups and appears attractive with regard to the
dehydrogenation temperature. It is worthwhile to further study the MgH,-LiAlH,
system using our methodology in comparison the MgH,-NaAlH, system. It is also of
interest to study how the catalyst or additive affect the hydrogen storage properties of
the MgH»-LiAlH, system, given that I already obtained knowledge in LiAlH4 catalyzing
from works done in Chapters 4-6. In this chapter, the hydrogen storage properties of
MgH,-LiAlH4 (4:1) composite system with additives including 5 wt% of TiFs, NbFs,
NiF,, CrF,, YFs, TiCls 1/3(AlCls), HfCly, LaCls, CeCls, and NdCls, respectively, is
study and on the basis of these findings and the previous investigations, the active

species and the catalysis are discussed.

9.1 Thermal Analysis
9.1.1 Temperature — Programmed — Desorption (TPD)

Fig. 9.1 displays the TPD performance of the MgH,-LiAlH4 composite system.
The as-milled LiAlH4 and as-milled MgH, were also included for comparison purposes.

The as-milled MgH, starts to release hydrogen at about 330 °C and desorbs about 7.1
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wt% H, after 420 °C. Meanwhile, the as-milled LiAlH, starts to desorb hydrogen at
about 142 °C and about 173 °C for the first and second stage, respectively. For the
MgH,-LiAlH, composite, there are two significant stages of dehydrogenation that occur
during the heating process. The first stage, which takes place within the temperature
range from 130 to 250 °C, is attributed to the two-step decomposition of LiAlH4. The
second dehydrogenation stage, starting at about 270 °C and completed at about 360 °C,
can be attributed to the MgH,-relevant decomposition. These two stages of

dehydrogenation are of the same order as reported by Zhang et al. [154] and Chen et al.

[313].

'
1
-

| —=— as-milled LIAIH, &
o as-milled MgH, &
| 4 MgH,-LiAIH, (4:1)

-6 ]
L)

i []

7 '1
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Temperature (°C)

Hydrogen released (wt%)
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A
A
A
L
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A
A

Fig. 9.1. TPD curves of the as-milled MgH,, the as-milled LiAlH4, and the MgH,-

LiAlH4 composite.

9.2 Structural characterization

9.2.1 X-ray diffraction

In order to investigate the reaction progress and mechanism, XRD

measurements were performed on the MgH,-LiAlH4 composite after dehydrogenation at
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250 °C and 400 °C, as shown in Fig. 9.2. The as-milled MgH,-LiAlHj4 is also included

in this figure.
~ -
1 ¢-MgH, V-Al Mg
6 - LiAIH, «-Li Mg, .
¢ e - AllLIH 0 - Mg
2 £
5 MM " (<)
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> ; '
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Fig. 9.2. XRD patterns of the MgH,-LiAIH4 composite after 18 m ball milling (a), and

after dehydrogenation at (b) 250 °C and (c) 400 °C.

From Fig. 9.2(a), it can be seen that MgH, and LiAlH4 phases are present in the as-
milled MgH»-LiAlH4 composite. Fig. 9.2(b) indicates the presence of LiH and Al
phases beside the MgH, after dehydrogenation at 250 °C. The fact that no LiAlH4 phase

was found indicates that the reactions in Egs. (9.1) and (9.2) had been completed at this

stage.
LisAlHs — 3LiH + Al + 3/2H, 9.2)

After dehydrogenation at 400 °C, the XRD pattern of Fig. 9.2(c) reveals that the
intermediate phases Lip9,Mga 03 and Al;;Mg;7 were eventually formed in the composite
system besides Mg. These results confirmed that the hydrogen released in the second

stage is from the MgH,-relevant decomposition through the reactions in Egs. (9.3) and
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(9.4), and the decomposition of the excess MgH, (Eq. 9.5), which occurs at a

temperature 60 °C lower than the decomposition temperature of the pure as-milled

MgH,.

4.08MgH, + 0.92LiH — Lig9:Mga o3 + 4.54H; 9.3)
17MgH, + 12A1 — Al;,Mg;7 + 17H; 9.4)
MgH, — Mg + H, (9.5)

In this study, it was found that the decomposition temperatures of the first and second
stage dehydrogenation are quite similar to what was reported by Zhang et al. [154], but
slightly higher compared to those reported by Chen et al. [313]. This difference may
due to the different duration of the milling process, as Chen et al. reported that the

sample was ball milled for 10 hours, as compared to 18 minutes in this study.

9.3 Effect of metal halides additives on MgH,-LiAlH,4
9.3.1 Temperature — Programmed — Desorption (TPD)

Fig. 9.3(a) and (b) shows the influence of catalytic additives on the MgH;-
LiAlHs composite decomposition temperature as measured by temperature-
programmed-desorption (TPD). The undoped MgH,-LiAlHs is also included for
comparison. Among the metal fluorides used in this study (Fig. 9.3(a)), TiF; exhibits a
strong catalytic influence on MgH,-LiAlH, decomposition, followed by NiF,, CrF,,
NbFs, and YFs;. The TiFs;-doped MgH,-LiAlHs composite sample starts to release
hydrogen at about 70 °C and about 180 °C for the first and second stage, respectively,
which represents respective reductions of about 60 °C and about 90 °C compared with
undoped MgH»-LiAlH4. Meanwhile, among the metal chloride additives (Fig. 9.3(b)),
TiCl3-1/3AICI; shows the best catalytic effect. It seems that the catalytic effect of

TiCls-1/3AICl; on the decomposition temperature of MgH,-LiAlH4 composite is similar
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to that of TiF3, in which the decomposition temperature is reduced by about 60 °C and
about 90 °C for the first and second stage, respectively, compared with undoped MgH,-
LiAlHy4. From the results, one finds also that apart from TiF; and TiCls-1/3AICls, all the
other metal halide additives yielded no significant change in the second

dehydrogenation stage of the MgH,-LiAlH,4 system.

(a)’

—=— 4MgH_+LiAIH, )
[ e 4MgH,+LiAIH +5wt.% TiF, A\
[ —A— 4MgH,+LiAIH, +5wt.% NbF
-6 v 4MgH_+LiAIH, +5wt.% NiF,
[ <« 4MgH,+LiAIH,+5wt.% CrF,
> 4MgH +LiAIH, +5wt.% YF
n ] i 1

Hydrogen released (wt.%)
A

__8 1 N 1 . 1 2 1 " 1 "
50 100 150 200 250 300 350 400
Temperature (°C)

- 4MgH,+LiAH,
e 4MgH,+LiAIH,+5wt.% TiCI,-1/3Al
|—a— 4MgH,+LiAIH,+5wt.% HfCI,
-6 v 4MgH,+LiAIH,+5wt.% LaCl,
[« 4MgH,+LiAIH +5wt.% CeCl,
> AMgH,+LIAIH +5wt.% NdCI,

i ] A 1

Hydrogen released (wt.%)
A

50 100 150 l 200 . 250 l 300 - 350 l 400
Temperature (°C)
Fig. 9.3. TPD curves of (a) the metal fluoride-added MgH,-LiAlH4 and (b) the metal
chloride-added MgH,-LiAlH4 composites.
9.3.2 Isothermal dehydriding kinetics

Fig. 9.4(a) and (b) compares the isothermal dehydrogenation kinetics of MgH,-LiAlH,4

composite with and without metal halides at 320 °C. The dehydrogenation of MgH, was
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also examined for comparison under the same conditions. At 320 °C, the pure MgH,
releases about 3.4 wt% hydrogen after 60 min. Mixed with LiAlH4, the dehydrogenation
kinetics of MgH, was improved. The composite releases about 4.6 wt% hydrogen after

40 min of dehydrogenation.

. MéHz ’ d (a)
@ 4MgH +LiAlH, T
—A— 4MgH *+LiAIH +5wt.% TiF, -
v 4MgH,+LiAIH +5wt.% NbF_ |
4 4MgH +LiAlH +5wt.% NiF,
4
4

b 4MgH_+LiAIH +5wt.% YF_ 7]
- ¢ 4MgH +LiAIH +5wt.% CrF, 1

Hydrogen released (wt.%)

3t
2L
1 a A a " M M
0 10 20 30 40 50 60
Time (min)
7 1 '+iﬂgHz ! b ! b
—@— 4MgH_+LiAIH ( )'

4
—A— 4MgH +LiAIH +5wt.% TiCl,-1/3AICL
¥ 4MgH _+LiAIH +5wt.% LaCl,
<« 4MgH_+LiAlH +5wt.% HfCI,
P 4MgH +LiAIH +5wt.% CeCl,
—4— 4MgH _+LiAlH +5wt.% NdCl,

Hydrogen released (wt.%)

0 10 20 30 40 50 60
Time (min)
Fig. 9.4. Isothermal dehydrogenation kinetics at 320 °C of (a) the metal fluoride-added

MgH,-LiAlH4 and (b) the metal chloride-added MgH,-LiAlH, composites under

vacuum.
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With the addition of 5 wt% metal halide, the results show that all the metal halides
improved the dehydrogenation kinetics of MgH,-LiAlHs compared with undoped
MgH,-LiAlH,. The titanium based metal halide-added MgH,-LiAlH4 showed the best
improvement, so that saturation of the dehydrogenation process for the TiFs-added
MgH,-LiAlH, sample can be achieved within 10 min, and within 20 min for the

TiCl;-1/3AlCl3-added MgH,-LiAlH4 sample.

9.3.3 Isothermal rehydriding kinetics

In order to investigate the reversibility of MgH,-LiAlHs composite and metal
halide-added MgH,-LiAlH4, the rehydrogenation of the dehydrogenated samples was
performed under ~3 MPa of H, at 320 °C. The MgH, system was also examined for

comparison.

—a— MgH,
—e— 4MgH_+LiAIH,

—A— 4MgH_+LiAIH +5wt.% TiF,

—¥— 4MgH_+LiAIH,+5wt.% TiCl.-1/3AICI,

Hydrogen absorbed (wt.%)
w

M 1 M 1 M 1 sl M 1 M 1 " 1 1 M

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Fig. 9.5. Isothermal rehydrogenation kinetics of the MgH,, the MgH»-LiAIH4 composite

and the titanium-based metal halide-added MgH,-LiAIH, at 320 °C and under 3 MPa.

However, the rehydrogenation measurements revealed that the MgH,-LiAIH4 composite

did not show any improvement in kinetics compared with the MgH,, as shown in Fig.
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9.5. After 5 min, about 5.0 wt% hydrogen was absorbed for the MgH, while the MgH,-
LiAlH4 composite just absorbed about 3.6 wt% hydrogen after the same time. With
addition of the titanium-based metal halides, the MgH,-LiAlH4 samples also did not
show any improvement. Both the TiF; and TiCl;-1/3AlCl3-added MgH,-LiAIH4 sample
absorbed just about 3.3 wt% hydrogen after 5 min rehydrogenation.

In order to determine the rehydrogenation products, XRD measurements were
carried out on the rehydrogenated undoped MgH,-LiAlH4 sample, as shown in Fig. 9.6.
From the pattern, it can be seen that the peaks correspond to MgH,, Al, and LiH, along
with a small peak for AlsMg, that appears after rehydrogenation. The disappearance of
the Alj;Mg;7 and Lip9oMga s peaks and the appearance of an AlsMg; peak in the
rehydrogenated sample confirm that reactions (9.5) and (9.6) have occurred during the

rehydrogenation process.

Lig.9oMga0s +4.5H2 — 4.08MgH, + 0.92LiH (9.6)
AljpMgi7 + (17 — 2y)H, — yMg,Als + (17 — 2y)MgH, + (12 — 3y)Al 9.7)
. .- MgH2
s - Al/LiH
&- AI3Mg2
S
K
=
= .
c
) .
= .
"“JW,EJ’ , b4
& ¢ e
60 70

30 40 50 80

20 (degree)

Fig. 9.6. XRD patterns of the undoped MgH,-LiAIH4 composite after rehydrogenation

at 320 °C and under 3 MPa.

171



Chapter 9

9.4 Differential scanning calorimetry (DSC)
9.4.1 Thermal properties

Fig. 9.7 presents the DSC traces of the MgH,-LiAlHs composite and the as-
milled MgH,, which is also shown for comparison purposes. For the MgH,-LiAlIH4
composite, the exothermic peak at 140 °C and 180 °C and the endothermic peaks at 170
°C and 225 °C is due to the thermal events of LiAlH4 as discussed in Chapter 4 and
Chapter 5. The last endothermic peak at about 365 °C is due to the decomposition of
MgH,, which occurs at a temperature 55 °C lower than that of the pure as-milled MgH,
(peak at about 420 °C). This decrease in the hydrogen release temperature is correlated

with the results observed in the PCT measurement (Fig. 9.1).

5
s
=
2
©
(]
T
as-milled MgH,
—— MgH_-LiAIH, (4:1)
100 200 300 400 500

Temperature (°C)

Fig. 9.7. DSC traces of the MgH,-LiAlH, composite and the as-milled MgH5.

Figs. 9.8 and 9.9 show the DSC curves for all metal halide-added MgH,-LiAIH4
samples. Apart from the YF;-added MgH,-LiAlH, sample, the number of thermal
events in all the metal halide-added MgH,-LiAlH4 samples is quite different from what
occurs in the undoped MgH»-LiAIHy4. These metal halide-doped MgH»-LiAlH4 samples
showed one exothermic peak and two endothermic peaks. The exothermic peak and the

first endothermic peak correspond to the decomposition of LiAlH4 and LizAlH4,
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respectively. These results show that LiAlH4 decomposes without melting under the
catalytic effects of TiF;, NiF,, CrF,, NbFs, TiCl3-1/3A1Cl;, HfCly, LaCls, CeCl;, and
NdCls, agreeing well with the results on the 0.5 h ball-milled 4 mol% TiF;-doped

LiAlH4 reported by Liu at al. [224] and in Chapter 4 reported NbFs-doped LiAlH,.

Intensity (a.u.)
1
\
[
(

100 150 200 250 300 350 400
Temperature (°C)

Fig. 9.8. DSC traces of (a) the undoped MgH,-LiAlH4 and the MgH,-LiAIH4 with

added (b) TiFs, (c) NbFs, (d) NiF,, (¢) CrF», and (f) YFs.

Intensity (a.u.)
é

100 150 200 250 300 350 400

Temperature (°C)

Fig. 9.9. DSC traces of (a) the undoped MgH,-LiAlH4 and the MgH,-LiAlH4 with

added (b) TiCls-1/3AICL, (c) HfCly, (d) LaCls, (e) CeCls, and (f) NdCls.
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For all metal halide-added MgH,-LiAlH, samples, the second endothermic event,
corresponding to the decomposition of MgH,, is similar to what occurs in the undoped

LiAIH4-MgH, sample. However, the broad peak in the TiF; and TiCls-1/3AlCls-added

MgH,-LiAlH4 composites indicates faster dehydrogenation kinetics.

9.4.2 Activation Energies

The activation energy required for the MgH,-relevant decomposition is obtained
by using the Kissinger equation [68], as described in section 2.5.2.1. Fig. 9.10 shows

DSC traces for the as-milled MgH, and MgH,-LiAlHs composite at different heating

rates (8= 10, 15, and 20 °C min”

, respectively).

as-milled MgH,
_ |/ 10°C/min
5 |—— 15°C/min
8 |=——20°C/min
; 9.9t
= ol 4MgH -LiAH,
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. ~ =103}
L |4MgH -LiAH) e}
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Fig. 9.10. DSC traces of the as-milled MgH, and the MgH,-LiAlH, at different heating

rates. The inset plot is the Kissinger’s analysis for as-milled MgH, and MgH,-LiAlH4

Temperature (°C)

composite.
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From a Kissinger plot of the DSC data (inset of Fig. 9.10) the apparent activation
energy for the MgH,-relevant decomposition in the MgH,-LiAlH4 composite is found to
be 126 kJ-mol”, which is much lower than the activation energy of the decomposition
of as-milled MgH, (162 kJ-mol™). This reduction indicates that the apparent activation
energy for decomposition of hydrogen from MgH, was reduced by adding LiAlH4.
Table 9.1 shows the apparent activation energy measured by the Kissinger method for
selected metal halide-added MgH,-LiAlH4 and undoped MgH,-LiAIH4 composites, as
well as for as-milled MgH,. The table show that, titanium-based metal halides, TiF; and
TiCl;3-1/3AICl;, exhibit the best additives in reducing the activation energy for H-
desorption in the MgH,-LiAIH4 composites. The apparent activation energies calculated
were found to be 83 and 98 kJ'mol” for the hydride decomposition of TiFs; and

TiCl;-1/3AlCl3-added MgH,-LiAlH4 composites, respectively.

Table 9.1. The apparent activation energy for as-milled MgH», MgH»-LiAlIHy4

composite, and selected metal halide-added MgH,-LiAlIH,. The unit is kJ-mol™.

Non-catalyzed MgH,-LiAlH, catalyzed with metal halide
As-milled | MgH,- . ) TiCl5-1/3
MgH2 L1A1H4 T1F3 NbF5 N1F2 A1C13 HfCl4 LaC13
162 126 83 117 120 98 106 123

9.4.3 Enthalpies change (AHge.)

To determine the enthalpy (AHg) of MgH, decomposition, the DSC curves
were analysed. From the integrated peak areas, the hydrogen desorption enthalpy was
obtained as discussed in Section 2.6.1.1. For the as-milled MgH,, the hydrogen

desorption enthalpy can be calculated as 75.7 kJ -mol'H,. This value is almost the same
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as the theoretical value (76 kJ-mol'H,). By the same methods, the reaction enthalpies of
the MgH,-LiAlH4 composite and the metal halide-added MgH,-LiAIH4 samples were
determined. The enthalpy changes for selected samples are listed in Table 9.2. For the
MgH,-LiAlHs composite, the enthalpy change calculated from the DSC curves is 61
kJ-mol'H,, which is lower than the overall decomposition enthalpy of pure MgH, (75.7
kJ-mol'H,). This result indicates that the presence of LiAlH, destabilizes MgH,. The
enthalpy change in the MgH,-LiAIH4 composite system is similar to that reported by
Zhang et al. [154] (61 kJ-mol'H,). After the addition of metal halide, the enthalpy of
hydrogen desorption from MgH,-LiAIH4 was similar to that of undoped MgH,-LiAIH,.
Although the enthalpy reaction of these metal halide-doped MgH,-LiAlH4 composites
remains unchanged, the destabilized complex hydride composites, MgH,-LiAlH4 + 5
wt% metal halides, have better hydrogen storage behaviour with improved hydrogen

desorption and faster desorption kinetics.

Table 9.2. The enthalpy changes for as-milled MgH,, MgH»-LiAlH4 composite, and

selected metal halide-added MgH,-LiAlH4. The unit is kJ mol'H,.

Non-catalyzed MgH,-LiAlH, catalyzed with metal halide

As-milled | MgH>- . . TiCl5-1/3
MgH, LiAlH, TiF3 NbFs NiF, AICL HfCl, | LaCls
76 61 59 62 63 60 62 64

9.5 Roles of metal halides in MgH,-LiAlH, system
To understand the possible mechanism behind the metal halide effects on the
enhancement of MgH,-LiAlH4 composite, X-ray diffraction analysis was carried out on

the TiCl3-1/3AlCls-and TiFs;-added MgH,-LiAlH4 composite, since TiCls-1/3A1CI; and
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TiF; shows the best catalytic effect. Fig. 9.11(a) and (b) shows the XRD patterns of the
TiCl;3-1/3AICl; and TiFs-added MgH,-LiAlH4 composites after 18 min ball milling and

after dehydrogenation at 400 °C.

(a) T s -MgH, V-Al Mg,
0 - LiA|H4 &- Li0.92M94 os|
e - Al - Mg

N a-LIClI w- A|3Ti

2B . #- Li AH,
[0

[ L v " after dehydrogenation at 400°C]

v| v 0
a vV %
av hivy v

Intensity (a.u.)

E

after 18 min ball milling
L

* + +
*
. *
®

60 70 80
20 (degree)

(b) 3 +-MgH, Vv-Al Mg,
0 - LIAH, # - Li,,Mg

e -Al ©-Mg
A-LIF v -ALTi

2 # - Li,AlH,

w
W % after dehydrogenation at 400°C
g s

4.08)

Intensity (a.u.)

20 (degree)

Fig. 9.11 XRD patterns of the MgH,-LiAlH4 with addition of (a) 5 wt% TiCls-1/3AICl;
and (b) 5 wt.% TiF3, after 18 min ball milling and after dehydrogenation at 400 °C

under vacuum.
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For both samples, after 18 min ball milling, MgH, phases are detected along with small
peaks of LiAlH4, Li3AlHg, and Al (with Li3AlHg and Al peaks overlapping in the XRD
pattern). As compared with the peaks of LiAlH4 in the undoped MgH,-LiAlH, sample
(Fig. 9.2(a)), the diffraction peaks of LiAlH4 in the TiCls-1/3AlICl; and TiFs-added
MgH,-LiAlH, samples become weaker. The appearance of LisAlHg and Al indicates
that LiAlH4 has already partly decomposed into LizAlHg and Al (Eq. (9.1)) after 18 min
ball milling in the presence of TiCls-1/3AlCI; or TiFs;.

After dehydrogenation at 400 °C, as compared with the undoped MgH,-LiAIH4
sample (Fig. 9.2(c)), the new phases Al;Ti, LiCl, and LiF were formed. The formation
of Al;3Ti and LiCl (Fig. 9.11(a)), and Al3Ti and LiF (Fig. 9.11(b)) may be due to the
reaction of LiAlH4 with TiCl3-1/3AICl; or TiF; during the ball milling or the
dehydrogenation process. According to Resan et al. [263] and Balema et al. [218],
doping LiAlIH4 with Al;Ti improved the dehydrogenation behaviour. Meanwhile, a
study by Yin et al. [235] revealed that it was the F that actively played the catalytic role
in enhancement of NaAlH4-TiF; system. The catalytic effect of TiF; on the
dehydrogenation process of LiAlH,4 is assumed could be similar to its effect on NaAlH,,
as investigated by Liu et al. [224]. Furthermore, according to [143,300,314], the
catalytic effect of a Ti-containing phase and the active function of the F anion have also
been proved to be significant in improving the hydrogen sorption properties of MgH,.
Therefore, Al;Ti and LiF are believed to act as the actual catalysts in the TiCl;-1/3AICI;
and TiFs-added MgH,-LiAlHs composites, which may promote the interaction of
LiAlH4 and MgH>, and accelerate the hydrogen desorption process of the MgH,-LiAlH,4

composite system.
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9.6 Conclusion

In this chapter, the hydrogen storage properties of the MgH,-LiAlH4 (4:1)
composite system with and without additives were investigated. It was found that the
destabilization of MgH, by the LiAlH4 resulted from the formation of Al;;Mg;7 and
Lig9oMgasos during the dehydrogenation process, furthermore improves the
dehydrogenation properties of MgH,. The dehydrogenation process in the MgH;-
LiAlIH4 composite can be divided into two stages: the first stage is the two-step
decomposition of LiAlH4. In the second stage, the yielded LiH and Al phases
decompose the MgH, to form Lip9,Mgs0s and Al;;Mg;7 phases accompanied with the
self-decomposition of the excessive MgH,. Among the additives examined, the
titanium-based metal halides, TiF; and TiCl;-1/3AICl;, exhibit the best improvement in
reducing the dehydrogenation temperature and enhancing the dehydrogenation rate.
From the Kissinger plot, the activation energy for H-desorption is reduced from 126
kI‘mol™ for MgH,-LiAlH, composite to 83 kJ'mol™ and 98 kJ-mol™ after addition of
TiF; and TiCls-1/3AICl, respectively. DSC measurements indicate that the enthalpy
change in the MgH,-LiAlH4 composite system was unaffected by the addition of metal
halides. It is believed that the formation of Ti-containing and F-containing species
during the ball milling or the dehydrogenation process may be actually responsible for
the catalytic effects and thus further improve the dehydrogenation of the TiF; and

TiCls-1/3AlCl3-added MgH,-LiAlH4 composite system.
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Chapter 10

Summary

The purpose of this work is enhancement of the hydrogen storage properties of light
metal hydrides, LiAlHs and MgH, using different types of catalyst and the
destabilization concept. In this chapter, the facts of property improvement and the
underlying mechanisms in the two major systems LiAlH4 and MgH, studied in this

Thesis are given conclusive remark.

10.1 Effects of catalysts on the hydrogen storage properties of LiAIH,

The effects of the addition of NbFs, SWCNT-metal catalyst, and TiO, nanopowder on
the hydrogen storage properties of LiAlH4 prepared by ball milling have been studied
for the first time. While they all have markedly positive effects on LiAlH4
dehydrogenation temperature and kinetics, as showed in Chapter result (Chapter 4, 5,
and 6) we can clearly evidence very different catalytic behaviours in each case. For
NbFs-catalyzed LiAlHa4, we believed that during the mechanical milling of LiAlH4 and
NbFs, a Nb-containing species forms and probably work together with the function of F°
anion as the active species, which is believed to facilitate the dissociation/recombination
of hydrogen on the hydride surface, resulting in the enhancement of the
dehydrogenation of LiAlH4;. Meanwhile, for SWCNTs-metal-catalyzed LiAlH4, we
believed that the significant improvement in dehydrogenation behaviour of SWCNT-
added LiAlH4 with metallic nanoparticles is effect is likely a combination of the
catalytic effect of SWCNT structure itself, hydrogen spillover effect, and high contact

area between carbon and the hydride. All these are responsible for the weakened the Al—

180



Chapter 10

H bond, furthermore decrease in both the onset dehydrogenation temperature and the
activation energy in the SWCNT/metal catalyst-doped LiAlH4. For TiO, nanopowder-
catalyzed LiAlH4, the improved dehydrogenation behaviour of LiAlHy4 in the presence
of TiO, is believed to be due to the TiO, nanoparticles act as a surface catalyst. TiO;
nanoparticles remain stable and may operate as a milling ball during ball milling
process that creates many defects in the LiAlH, powder, thus reducing the grain size
and increasing the active surface area of the LiAlH4, thereby improving the hydrogen
desorption kinetics. The surface properties of TiO, may also play a critical role.
However, the rehydrogenation of LiAlH4/ Li3AlH¢ can not be realized in the presence of
NbFs, SWCNT-metal catalyst, and TiO, nanopowders because of their thermodynamic

properties.

10.2 Effects of catalysts and destabilization concept on the hydrogen storage

properties of MgH,

The hydrogen de/absorption properties of MgH, with two metal chlorides additives,
HfCly and FeCls, were firstly investigated. Hydrogen de/absorption results revealed that,
the MgH,/HfCl, sample showed better sorption properties than the FeCl; doped sample.
It is believed that the significant improvement of MgH, sorption properties in the doped
samples is believed due to the catalytic effects of the in-situ generated metal species
HfH, and Fe. The formation of MgCl, may also play a critical role, which may have
preferably segregated on the surface, thus catalyzing the hydrogen sorption. Apart from
introducing a catalyst, the destabilization concept has also been used to improve the
hydrogen storage properties of MgH,. Two complex hydrides with a high gravimetric

density, NaAlH, and LiAlH4 were used as an agent to destabilize MgH,. For the MgH,-
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NaAlH4 system, it has been demonstrated that there is a mutual destabilization between
MgH; and NaAlH,4, which decreased the decomposition temperature of both hydrides. It
is believed that the formation of NaMgH; and Al;;Mg;7; phases during the
dehydrogenation process alters the reaction pathway of the MgH,-NaAlH4 composite
system and improves its thermodynamic properties. In comparison to the MgH,-NaAlH,
system, for MgH,-LiAlH, system, it was shown that addition of LiAlH4 to MgH, causes
destabilization through the formation of intermediate compounds, Al;;Mg;7; and
Lig.9oMga 03, upon dehydrogenation, which change the thermodynamics of the reaction
through altering the dehydrogenation pathway. In order to improved the hydrogen
storage properties of MgH,-LiAlH, system, 5 wt% TiF;, NbFs, NiF,, CrF,, YF;,
TiCl;-1/3A1Cl;, HfCly, LaCls, CeCls, and NdCls, respectively, was added to the MgH5-
LiAlH4 (4:1) mixture. Among the different metal halides based additives, TiF; and
TiCl3-1/3AICl; possessed the highest catalytic activity towards the hydrogen desorption
properties of MgH,-LiAlH4 system. It is believed that the TiF; and TiCl;-1/3AICI;
component in the doped system plays a catalytic roles through the formation of Ti-
containing and F-containing active species, which strengthens the interaction between
MgH, and LiAlHg4, and thus further improve the dehydrogenation of the TiF; and

TiCls-1/3AlCl3-added MgH,-LiAlH, destabilized system.
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Appendix i

Acronyms

AMC: Advanced Materials Corporation
ATR: attenuated total reflectance

BCC: body centered cubic

BM: ball milling

CNT: carbon nanotube

CNF: carbon nanofibre

DSC: differential scanning calorimeter
EDS: energy dispersive X-ray spectroscopy
FESEM: Field emission scanning electron microscope
FTIR: Fourier transformation infrared
GRC: gas reaction controller

MA: mechanical alloying

MCAS: mechano-chemical activation synthesis
MM: mechanical milling

MOF: metal organic framework

MS: mass spectroscopy

MWCNT: multi-walled carbon nanotube
PCI: pressure-composition isotherms

PCT: pressure-composition-temperature
PEM: proton exchange membrane

PND: powder neutron diffraction

RHC: reactive hydride composites

RMA: reactive mechanical alloying
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RMS: reactive mechanical synthesis

RT: room temperature

SEM: scanning electron microscope
SWCNT: single-walled carbon nanotube
TEM: transmission electron microscopy
TGA: thermogravimetric analysis

TPD: temperature programmed desorption
U.S. DOE: U.S. Department of Energy
XPS: X-ray photoelectron spectroscopy

XRD: X-ray diffraction
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Ismail M, Zhao Y, Yu XB, Nevirkovets IP, Dou SX. Significantly improved
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Ismail M, Zhao Y, Yu XB, Mao JF, Dou SX. The hydrogen storage properties and
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